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PREFACE. 


/CHEMISTRY  is  a  Science  eminently  progressive.  Its  ob- 
ject is  to  trace  the  combinations  of  matter ;  and  when  it 
has  succeeded  in  discovering  the  composition  of  any  substance, 
so  far  is  this  from  closing  the  investigation,  that  it  often  mul- 
tiplies the  subjects  of  research  :  substances  before  unknown  are 
discovered  ;  new  relations  are  unfolded ;  and  new  instruments 
of  analysis  acquired. 

The  evidence  on  which  its  doctrines  rest,  is  at  the  same  time 
less  rigorous  than  that  which  foi-ms  the  basis  of  the  Mathema- 
tical Sciences.  It  does  not  amount  to  strict  demonstration, 
but  consists  of  a  series  of  inductions  drawn  from  observation 
or  experiment,  or  sometimes  only  inferred  by  analogy. 

Hence  the  revolutions  to  which  it  is  liable.  Presenting  a 
field  of  inquiry  nearly  unlimited,  its  facts  are  daily  augmented  ; 
Us  principles  corrected  or  confirmed;  new  objects  of  investiga- 
tion are  constantly  occurring ;  and  its  acquisitions,  while  the^' 
are  real,  still  open  farther  prospects  of  discovery. 
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This  character  is  nearly  peculiar  to  chemical  philosophy, 
and  is  well  displayed  in  its  history.  If  we  compare  the  Mathe- 
matical Sciences  in  their  present  state,  with  that  in  which  they 
were  left  by  Newton,  though  they  have  acquired  some  im- 
portant truths,  they  exhibit  no  revolution  such  as  that  which 
has  marked  the  progress  of  Chemistry.  Nor  is  this  owing,  as 
some  might  imagine,  to  chemistry  having  become  the  subject 
of  philosophical  investigation  at  a  later  period ;  for  it  still  conti- 
nues to  advance  with  equal  or  accelerated  steps.  On  the  esta- 
blishment of  what  has  been  named  the  Modern  Chemical  Sys- 
tem, by  Lavoisier,  the  conclusion  might  perhaps  have  been 
drawn,  that  the  outline  of  the  Science  was  nearly  completed, 
and  that  the  parts  only  remained  to  be  filled  up.  Its  conti- 
nued advancement,  the  different  aspects  which  its  theory  has 
assumed,  the  discovery  of  new  agents  possessed  of  the  most 
important  chemical  powers,  and  the  views  which  these  unfold 
to  us,  prove  the  fallacy  of  such  a  conclusion,  and  how  vain  the 
attempt  is  to  assign  limits  tQ  its  progress. 

The  short  period  that  has  elapsed  since  the  publication  of 
the  former  edition  of  this  Work,  has  afforded  very  ample  proof 
of  the  truth  of  these  observations.  The  splendid  discoveries 
of  Mr  Davy  have  not  only  extended  the  bounds  of  Chemistry, 
by  the  decomposition  of  a  number  of  substances  the  analysis 
of  which  had  not  been  before  effected,  and  by  the  introduction 
of  others,  before  unknown,  possessed  of  very  peculiar  and  ac- 
tive powers,  but  they  present  new  views  of  chemical  theory, 
applicable  to  many  of  the  general  doctrines  of  the  Science. 

These  discoveries  have  rendered  necessary  an  alteration  of 
the  arrangement  I  formerly  followed,  in  common  with  every 
chemical  arrangement  that  has  been  hitherto  adopted.  But 
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not  only  does  the  present  state  of  the  Science  demand  these 
alterations  ;  it  appears  to  me  to  place  under  a  clearer  point  of 
view  the  instability  of  the  principles  on  which  the  classifica- 
tions of  the  objects  of  Chemistry  have  been  xisually  framed. 

Chemists  have  in  general  been  partial  to  arrangements  con- 
structed on  synthetic  principles,  to  which  indeed  they  have 
been  led  by  the  nature  of  their  investigations.  The  object 
of  these  is  to  discover  the  constitution  of  bodies, — by  resolving 
them  into  others  more  simple  to  arrive  at  the  knowledge  of 
their  ultimate  principles,  and  from  combinations  of  these  prin- 
ciples to  ti-ace  the  composition  of  all  existing  substances.  And 
were  the  elements  of  matter  thus  known,  a  perfect  synthetic  ar- 
rangement might  no  doubt  be  constructed.  They  would  form 
the  basis  of  the  classification  ;  and  their  compounds  would  be 
placed  in  a  determinate  order  according  to  their  composition. 

It  is  sufficiently  certain,  however,  that  Chemistry  is  far 
distant  from  this  period.  The  substances  which  we  rank  as 
simple,  are  so  only  with  regard  to  our  knowledge  of  them : 
the  uniform  result  of  the  progress  of  discovery  has  been  to 
establish  as  compounds,  substances  the  composition  of  which 
had  been  unknown;  and  we  have  no  reason  to  believe  that 
we  have  obtained,  in  an  insulated  state,  any  body  really  ele- 
mentary. 

A  chemicararrangement,  on  synthetic  principles,  must  there- 
fore be  imperfect.  In  the  progress  of  the  Science,  substances 
regarded  as  simple  will  be  discovered  to  be  compound;  and 
these  must  either  be  separated  from  those  with  which  they  had 
been  associated,  and  with  which,  they  have  strict  analogies 

properties,  or  discoveiy  must  be  so  far  anticipated,  by  c'on- 
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j*cture,  that  substances  not  decomposed  must  be  regarded 
as  compounds.  At  the  same  time,  by  these  discoveries  a  new 
class  of  substances,  conceived  to  be  simple,  are  introduced, 
which  again  form  the  basis  of  a  classification  equally  liabl'-: 
to  be  subverted  with  those  that  have  preceded  it. 

The  present  state  of  Chemistry  aflfords  ample  illustration 
of  these  observations,  which  have  indeed  been  in  part  suggest- 
ed by  it.  In  the  former  edition  of  this  work,  the  ELarths  were 
ranked  as  simple  bodies ;  they  are  now  discovered  to  be  com- 
pofiinds.  A  class  of  simple  substances  was  formed,  distin- 
guished by  the  title  of  Simple  Inflammables.  These  also  are 
tompounds-  And  in  consequence  of  these  and  other  disco- 
veries, we  have  been  made  acquainted  with  a  series  of  sub- 
stances different  ft'om  any  before  known,  and  entering  into  the 
composition  of  a  number  of  bodies. 

Now,  should  the  synthetic  arrangement  still  be  a^lhered  to, 
tmd  our  classificaticHi  be  adapted  to  these  discoveries,  inde- 
pendent of  the  difficulties  which  would  attend  it,  and  of  the 
possibility,  that,  at  least  in  its  full  extent,  it  might  be  prema- 
ture, we  can  have  no  certainty  that  it  would  be  more  stable 
than  otljers  founded  on  the  same  principles,  which  have  already 
be«n  rendered  obsolete. 

Nor  does  this  remark  apply  merely  to  the  Chemistry  of 
the  present  age  :  it  will  probably  continue  equally  applicable 
at  very  distant  periods;  for  we  perceive  no  glimpse  of  the  ter- 
mination of  cl>emical  investigations,  when  the  principles  of 
bodies  shall  have  been  traced  to  their  source,  and  Uu;  real  ele- 
ments of  matter  discovered.  Until  then,  syntlietic  chemical 
arrangements  must  be  defective.    They  are  adapted  only  to 
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tlie  Science  in  its  perfect  state  ;  and  while  it  continues  pro- 
gressive, must  be  embarrassed  by  every  new  discovery,  and 
liable  to  perpetual  fluctuation. 

It  appears  preferable,  therefore,  to  relinquish  this  mode, 
and  to  render  the  arrangements  of  Chemistry  analytic, — to 
take  substances  as  they  are  presented  to  us  by  nature,  trace 
their  composition  by  separating  their  principles,  and  then  sub- 
mit these  principles  to  chemical  investigation.  Such  arrange- 
ments will  be  little  modified  by  the  progress  of  discovery,  at 
least  they  will  easily  assimilate  with  it.  Substances  will  be 
placed  together,  not  so  much  from  ideas  of  their  chemical  con- 
stitution, as  from  analogies  in  their  chemical  properties ;  the 
classes  will  thus  be  more  fixed  and  determinate,  and  there  will 
be  no  necessity  for  aiding  the  classification  by  those  analogies, 
which,  when  constructed  on  the  opposite  principle,  the  imper- 
fect state  of  the  Science  so  often  demands. 

CojJsiDEUED,  too,  as  designed  to  convey  a  knowledge  of 
Chemistry,  such  an  arrangement  is  preferable  perhaps  to  those 
constructed  on  the  opposite  principle,  in  which  the  student,  at 
his  entrance  on  its  study,  has  presented  to  his  attention  sub- 
stances with  which  he  is  not  familiar,  and  to  the  knowlcd<re 
of  which  he  is  not  led  by  any  previous  acquisition. 

It  is  from  these  views  that  I  have  formed  the  classification 
I  have  now  adopted.  To  my  former  arrangement  I  still  so  far 
adhere,  as,j£r*^,  to  ccnjsider  the  general  powers  or  forces  form 
the  operation  of  which  chemical  phenomena  arise  ;  and,  se- 
condly,  deliver  the  chemical  history  of  the  individual  substan- 
ces which  are  the  objects  of  tlie  Science.  But  these  substan- 
cfs  I  have  placed  in  a  diflFerent  order,  suggested  by  the  prin- 
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ciples  above  stated.  A  view  of  this  arrangement  will  be  found 
in  the  introduction  to  the  second  volume  *. 

The  general  plan  of  the  work  I  may  also  be  allowed  to 
add  remains  the  same.  It  has  been  my  object,  without  omit- 
ting the  necessary  details  of  Chemistry,  to  illustrate  more 
particularly  its  general  doctrines,  convinced  that,  in  a  depart- 
ment of  Physics  so  extensive,  the  most  important  object  to 
which  the  attention  of  those  undertaking  its  study  can  b&-  di- 
rected, is  that  relating  to  the  principles  by  which  its  indivi- 
dual facts  are  connected  and  arranged.  Without  an  intimate 
knowledge  of  these,  the  Science  is  not  acquired ;  and  the  ac- 
quisition of  such  a  knowledge,  at  once  facilitates  and  renders 
more  interesting,  the  prosecution  of  its  more  minute  facts  and 
applications. 

Ijf  the  consideration  of  these  doctrines  to  this  extent,  the 
principle  which  is  always  to  be  kept  in  view,  in  a  work  de- 
signed, in  some  measure,  for  elementary  instruction, — that  of 
advancing  only  from  wliat  is  known  to  what  is  unknown,  and 
of  not  supposing  the  reader  acquainted  with  facts  which  have 
not  been  stated,  has  obliged  me,  in  several  instances,  to  place 
the  discussion  of  subjects  more  abstruse  or  complicated,  in 
Notes  at  the  end  of  the  volume.  -   By  this  arrangement,  I 
flatter  myself,  that  I  have  attained  every  advantage.    While  I 
have  given  in  the  text  a  view  sufficiently  ample  for  those  be- 
sinning  the  study,  I  have  been  enabled,  in  these  disquisitions, 
to  engage  more  freely  in  the  discussion  of  questions  interesting 


*  I  have  published  in  a  Supplement  a  view  of  these  alterations, 
and  an  account  of  the  recent  discoveries,  for  the  accommodation  of 
the  purchasers  of  the  former  edition  of  this  work. 
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to  otliers,  who  are  already  advanced,  and  to  wliom  a  inore  ge- 
neral statement  would  prove  less  satisfactory.  These  notes,  it 
will  be  obvious,  are  in  a  great  measure  independent  of  the  text. 
The  work  would  be  complete  as  an  elementary  system  though 
they  were  not  introduced  ;  and  they  are  to  be  regarded  mere- 
ly as  serving  to  turn  the  attention  of  those  who  have  made 
some  progress  in  chemical  studies,  to  such  parts  of  the  theory 
of  the  Science  as  are  more  doubtful  and  obscure. 

One  of  the  advantages,  of  not  the  least  importance  in  a  sys- 
tematic work,  is  that  of  affording  references  to  original  autho- 
rities. I  have  been  careful  to  insert  those  which  I  have  con- 
sulted ;  and  as  the  greater  number  of  readers  will  have  easier 
access  to  the  British  than  to  the  foreign  philosophical  jour- 
nals, I  have  always  referred  to  the  former,  where  the  memoir 
quoted  has  been  translated. 


Edinburgh,  1 
May  22.  I8O9.  5 
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NATURE,  OBJECTS,  AND  APPLICATIONS  OF  CHE- 
MISTRf. — -GENERAL  VIEW  OF  ITS  HISTORY. 
 PRINCIPLES  OF  ARRANGEMENT. 

/CHEMISTRY    IS   THE   SCIENCE  WHICH  INVESTIGATES 
THE  COMBINATIONS   OF   MATTER,  AND  THE  AGENCIES 
OF  THOSE  GENERAL  POWERS  WHENCE  THESE  COMBINATIONS 
ARE  ESTABLISHED  AND  AGAIN  SUBVERTED.  ' 

The  powers  productive  of  chemical  phenomena,  and 
the  agencies  of  which  it  is  the  object  of  Chemistry  to 
trace,  are  that  species  of  Attraction  exerted  between 
the  minute  particles  of  matter,  which  brings  them  into 
intimate  and  permanent  union  j  and  certain  forces  of  Re- 
pulsion which  counteract  this  attraction,  and  modify  or 
subvert  the  combinations  to  which  it  gives  rise. 

From  the  exertion  of  this  attraction  between  the  parti- 
cles of  the  same  kind  of  matter,  modified  by  its  antagonist 
powers,  arise  the  forms  under  which  bodies  exist,  and 
many  of  the  physical  qualities  of  which  they  nre  possess- 
ed. And  from  its  exertion  between  particles  of  different 
kinds  are  derived  the  greater  number  of  substances  which 
compose  our  globe — these  consisting  of  certain  elements 
retained  by  this  power  in  a  state  of  combination. 
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Of  the  powers  which  counteract  this  attractive  force, 
the  most  general  in  its  action  is  that  of  Heat.  Its  imme- 
diate operation  is  to  separate  the  particles  of  bodies,  and 
place  them  at  greater  distances-,  it  thus  changes  their  forms 
and  qualities,  and  subverts  the  combinations  which  attrac- 
tion has  produced.  Galvanism  is  perhaps  to  be  regarded 
as  a  force  of  a  similar  kind.  It  is  even  more  powerful 
than  heat  In  counteracting  attraction,  and  separating  the 
elements  of  compound  bodies. 

From  the  agencies  of  these  forces  sometimes  concurring, 
and  sometimes  in  opposition,  arise  an  extensive  series  of 
operations,  which  either  form  a  part  of  the  established 
order  of  nature,  or  which  are  regulated  by  artificial 
arrangements.  The  Investigation  of  these,  and  of  the 
laws  of  the  forces  whence  they  originate,  constitutes  the 
science  of  Chemistry. 

Chemistry  is  thus  obviously  distinguished  from  the 
other  departments  of  Physical  Science  in  its  nature  and 
objects.  Its  actions  are  limited  to  the  minute  particles  of 
matter-,  they  are  exerted  only  at  insensible  distances;  and 
their  tendency  is  to  bring  these  particles  into  new  forms 
or  combinations,  whence  the  properties  of  bodies  are  mo- 
dified, or  their  constitution  changed.  In  the  other  branch- 
es of  Natural  Philosophy,  the  objects  of  investigation  are 
actions  exerted  between  masses  of  matter  placed  at  sensi- 
ble and  often  at  immense  distances ;  productive  merely  of 
sensible  motion  and  not  accompanied  with  any  intimate 
or  permanent  change.  Mechanical  action,  arising  from 
sensible  motion,  which  is  always  susceptible  of  accurate 
measurement  or  calculation,  the  sciences  which  mvesti- 
oate  It  can  be  established  on  mathematical  evidence. 
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Chemical  action,  arising  from  the  insensible  motions  of  the 
particles  of  bodies,  and  being  exerted  at  no  perceptible 
distance,  is  Incapable  of  being  measured  either  with  regard 
to  its  direction  or  force,  and  can  be  inferred  only  from  the 
changes  of  form  or  combination  to  which  it  gives  rise. 

These  distinctions,  and  the  peculiar  characters  of  Me- 
chanical and  Chemical  Philosophy,  may  easily  be  illustrat- 
ed, by  a  slight  survey  of  the  different  points  of  view  un- 
der which  the  same  substances  are  studied  by  the  Che- 
mist and  the  Mechanical  Philosopher.    The  one,  for  ex- 
ample, in  subjecting  Light  to  examination,  considers  it 
simply  as  in  motion,  and  confines  his  attention  to  the 
phenomena  which  arise  from  its  transmission  through 
bodies,  its  reflection  from  their  surface,  or  its  inflection 
towards  them.    The  other,  without  attending  much  to 
the  phenomena,  which  the  motion  of  light  under  these  mo- 
difications presents,  traces  It  in  its  more  intimate  actions 
on  bodies,  as  it  exerts  attractions  to  their  particles,  occasion- 
ing decompositions,  and  producing  changes  of  properties, 
. — efi^ects  arising  not  from  the  motion  of  the  entire  ray  of 
light,  but  from  the  repulsion  it  communicates,  or  the 
combinations  into  which  it  enters.    To  the  Mechanical 
Philosopher,  Air  is  a  subject  of  attention,  merely  as  a 
mass  possessing  mobility,  elasticity  and  weight.  The 
Chemist,  on  the  other  hand,  subjects  it  to  experiment 
with  the  view  of  discovering  whether  it  is  simple  or 
compound;  and,  instead  of  regarding  it  as  a  homoge- 
neous fluid,  he  finds  it  to  be  composed  of  various  ingre- 
dients, which  are  capable  of  producing  very  dlfi^erent 
changes  in  bodies  with  wliieh  th^y  combine  ;  he  traces 
these  combinations,  arid  discovers  ihe  agency  of  its  princi- 
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pies  in  exciting  combustion,  in  promoting  vegetation,  and 
in  sustaining  animal  life.  Water,  in  a  system  of  Mechani- 
cal Philosophy,  is  a  subject  of  attention  only  in  so  far  a«  it 
is  susceptible  of  motion,  and  affects  bodies  by  its  impulse 
or  gravity.    But  in  Chemistry  its  numerous  combinations 
are  investigated  ;  its  elements  are  discovered,  and  the 
operation  of  these  elements,  as  they  are  disengaged  by  the 
decompositions  it  suffers,  is  traced,  not  only  in  mere  che- 
mical processes,  but  on  a  scale  of  greater  magnitude  in 
some  of  the  most  important  operations  of  nature.  Lastly, 
Solid  substances  are  regarded  by  the  Mechanical  Philoso- 
pher, only  as  they  are  endowed  with  figure,  hardness,  or 
cohesion,  or  as  presented  to  him  in  various  states  of 
motion.    But  from  the  Chemist  they  claim  a  more  min- 
ute examination,  'as  to  the  actions  which  the  particles  of 
each  exert  towards  those  of  others,  and  the  combinations 
into  which  they  thus  enter.    In  all  these  cases,  the  Me- 
chanical Philosopher  attends  only  to  the  sensible  motions 
of  masses  of  matter  j  the  Chemical  Philosopher  to  the 
agencies  of  their  minute  particles,  producing  not  merely 
change  of  figure  or  of  place,  but  alterations  in  their  con- 
stitution and  powers. 

From  the  class  of  actions  v/hich  it  belongs  to  Che- 
mistry to  investigate,  arise  numerous  applications  to 
purposes  of  practical  utility,  or  to  the  elucidation  of  na- 
tural phenomena  j  many  of  the  changes  which  occur  in 
Nature  being  the  results  of  chemical  operations,  and 
many  of  the  arts  consisting  merely  in  a  series  of  chemical 
processes.  These  applications,  in  all  their  extent,  it 
would  not  be  possible  to  trace  within  the  limits  of  an  in- 
troductory discourse.    A  general  sketch  only  can  be  pre- 
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sented,  and  this  is  necessary  to  convey  a  just  idea  of  the 
nature  and  objects  of  chemistry. 

The  ATMOSPHERE,  Of  that  mass  of  elastic  fluid  which 
surrounds  the  globe,  is,  by  its  chemical  powers,  an  im- 
portant agent  in  the  processes  of  Nature.    It  serves,  for 
example,  to  equalize  tlie  distribution  of  heat  over  the 
surface  of  the  earth.  Expanding,  and  of  course  becoming 
specifically  lighter  from  increase  of  temperature,  a  cur- 
rent of  air  always  ascends  from  any  part  of  the  earth's 
surface  that  is  much  exposed  to  the  solar  rays  ;  it  carries 
off  the  excess  of  heat,  which  would  otherwise  accumu- 
late, while  its  place  is  supplied  by  colder  air,  which  is 
pressed  in  from  every  side.   The  warmer  air  is  wafted  to 
colder  regions,  and  parts,  in  its  progress,  with  the  heat 
it  had  received.    A  circulation  is  thus  established,  by 
which  the  extremes  of  heat  and  cold,  that  would  other- 
wise have  rendered  the  greater  part  of  the  globe  uninha- 
bitable, are  prevented  ;  while,  by  these  motions  of  the 
mass  of  air,  its  purity,  as  adapted  to  the  support  of  ani- 
mals, is  more  effectually  preserved.    Nor  does  the  at- 
mosphere merely  convey  heat,  and  equalize  it&  distribu- 
tion ;  it  contains  an  immense  quantity  of  the  same  power 
in  a  concealed  state,  which,  by  many  chemical  combina- 
tions, is  rendered  sensible, — which  is  the  source  of  the 
heat  produced  by  the  burning  of  combustible  matter,  and 
of  that  which  animals  generate,  preserving  them  constant- 
ly warmer  than  the  surrounding  medium.    It  is  not  less 
useful  as  the  agent  by  which  the  circulation  of  Water  is 
established.    Assisted  by  heat,  it  is  capable  of  elevating 
a  portion  of  this  fluid  in  vapour  ;  which,  cooled  in  the 
higher  regions,  or  in  colder  climates,  descends  in  the  form 
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of  dew,  rain,  or  snow  ;  and,  by  the  decUvIty  of  the  land, 
is  conveyed  over  its  surface,  and  returns  to  the  ocean. 
Lastly,  air  is  indispensable  to  the  support  of  vegetables, 
and  the  existence  of  animals.  To  plants  it  affords  a  con- 
siderable part  of  their  nourishment.  To  animals  it  is 
still  more  necessary,  its  abstraction  for  a  few  minutes 
causing  death.  And  in  both,  its  agency  is  chemical :  it 
suffers  changes  of  composition,  and  produces  reciprocal 
changes  in  the  animal  and  vegetable  systems. 

Water  is  the  medium  of  various  important  chemical 
changes  in  nature.  Like  air,  it  operates  in  equalizing 
temperature,  partly  by  its  motion,  and  partly  by  its  chan- 
ges of  form  ;  in  passing  to  the  state  of  ice  it  evolves 
heat,  and  absorbs  It  when  it  returns  to  that  of  water  ;  afid 
by  both  moderates  the  transition  of  seasons.  It  acts  on  the 
solid  parts  of  the  earth's  surface,  and  causes  their  disin- 
tegration ;  and  in  supporting  animals  and  vegetables.  It 
undergoes  decomposition,  and  furnishes  principles  which 
contribute  to  tlie  formation  of  their  products. 

The  operations  of  the  mineral  kingdom  are  more 
concealed  from  us ;  but  we  c^fi  have  no  doubt  of  their 
dependence  on  chemical  principles,  and  we  indeed  per- 
ceive them  occasionally  exemplified.  The  greater  part 
of  the  substances  which  compose  the  crust  of  the  earth 
are  cornpounds,  and  have  of  course  been  formed  by  che- 
mical combinations  i  and  the  sublime,  though  obscure 
speculations  of  Geology,  are  founded  on  the  conclusion 
which  facts  sufficiently  establish,  that  attractions  have  at 
one  time  been  exerted  between  these  substances,  or  be- 
tween their  principles,  while  existing  in  the  fluid  form. 
Nor  is  chemical  influence  less  conspicuous  in  the  ani- 
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MATED  WORLD.   The  substances  which  are  received  into 
the  animal  and  vegetable  systems,  and  which  are  neces- 
sary for  their  support  and  growth,  suffer  decomposition, 
and  their  principles  are  combined  in  new  modes  and  pro- 
portions in  the  vessels  of  the  organic  being,  forming  its 
substance  and  various  products.    Although  the  process 
may  be  modified  by  the  circumstances  under  which  it 
takes  place,  it  is  still  essentially  chemical ;  and  chemistry 
capable  of  elucidating  some  of  the  most  important  sub- 
jects of  investigation  in  animal  and  vegetable  physiology. 
In  Vegetation  we  perceive  a  series  of  changes,  the  result 
in  a  great  measure  of  chemical  attractions.  From  the  mo- 
ment of  its  commencement,  air  and  water  are  absorbed, 
are  decomposed,  and  their  principles  combined  in  the  ves- 
sels of  the  plant ;  and  from  these  combinations,  the  nu- 
merous and  diversified  products  of  vegetables  are  formed. 
If  other  agents  are  necessary,  or  subservient  to  the  pro- 
cess, it  is  still  by  their  chemical  agency.    Light,  by  the 
affinities  it  exerts,  aids  the  decomposition  of  the  water 
which  the  plant  absorbs ;  and  manures  accelerate  the  pro- 
cess, and  improve  its  products,  by  furnishing,  in  a  less 
combined  state,  and  in  larger  quantity,  the  same  princi- 
ples which  air  and  water  supply.  In  the  series  of  changes 
which  are  carried  on  in  the  Animal  System,  the  influence 
of  chemistry  is  equally  to  be  traced.    In  examining  the 
process  of  digestion,  it  discovers  the  chemical  quality  of 
the  gastric  fluid,  by  which  it  is  fitted  to  dissolve  the  food. 
In  investigating  the  function  of  respiration,  it  unfolds  the 
nature  of  the  chemical  changes  which  the  blood  sufFersi  in 
the  lungs;  the  evolution  of  a  principle,  which,  if  retain- 
ed, might  prove  hurtful,  and  the  absorption  of -that  part 
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of  the  air  which  is  immediately  necessary  to  life.  In 
the  same  process,  it  discovers  the  source  of  animal  heat, 
or  of  that  power  by  which  animals  are  enabled  to  preserve 
themselves  uniformly  at  a  temperature  superior  to  that  of 
the  medium  around  them.  In  perspiration,  it  discovers 
a  function  subservient  to  respiration,  and  fulfilling  nearly 
the  same  purpose.  And  in  secretion,  it  traces  the  vari- 
ous chemical  products  formed  from  a  common  fluid  by 
the  exertion  of  complicated  affinities.  Lastly,  by  analys- 
ing the  fluids  and  solids  of  the  animal  body,  it  throws 
light  on  the  researches  of  the  physiologist,  and  guides, 
even  in  some  cases,  the  practical  inquiries  of  the  physi- 
cian. 

But  Chemistry  is  not  to  be  valued  merely  from  its  con- 
nexions with  the  phenomena  of  nature.  Its  importance 
is  not  less  conspicuous  in  its  relations  to  the  Arts.  Strict- 
ly speaking,  the  greater  number  of  the  arts  have  preceded 
the  cultivation  of  any  science  ;  they  have  originated  from 
the  necessities  of  man  at  an  earlier  period,  and  have  of- 
ten been  improved  by  accident,  or  by  the  mere  routine  of 
practice.  Still,  their  principles  are  dependent  on  science  j 
and  a  knowledge  of  these  principles  afi^bi'ds  the  most  cer- 
tain guide  in  attempting  their  improvement. 

Agriculture,  the  most  important  of  the  arts,  and  that 
which  is  perhaps  most  susceptible  of  indefinite  improve- 
ment, is  more  directly  connected  with  chemistry  than  with 
any  other  science.  Vegetation,  the  regulation  of  which  to 
certain  ends  is  the  object  of  agriculture,  is  little  else  than 
a  chemical  process,  or  it  consists  of  a  series  of  changes  of 
composition,  terminating  in  the  formation  of  certain  pro- 
ducts.   It  must  be  admitted,  that  the  causes  by  which 
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these  changes  are  effected  are  not  altogether  under  our 
controul;  but  neither  are  they  wholly  exempt  from  it.  By 
certain  arrangements  of  circumstances,  hitherto,  indeed, 
in  a  great  measure  empirical)  we  can  accelerate  the  pro- 
cess, and  even  increase  the  quantity  of  product,  or  to  a 
certain  extent  change  its  nature.  It  is  perhaps  not  being 
too  sanguine  to  hope,  that  our  power  in  these  respects 
will  be  farther  extended,  as  our  knowledge  of  the  che- 
mistry of  vegetation  is  advanced.  We  already  know 
something  of  the  influence  of  soil,  and  of  the  action  of 
manures;  and  there  is  no  just  reason- to  forbid  the  ex- 
pectation, that  chemistry  may  still  unfold  to  us  more  skil- 
ful modes  of  applying  the  agents  on  which  the  nutrition 
of  vegetables  depends,  or  of  regulating  those  circum- 
stances which  uifluence  the  formation  of  their  various  pro- 
ducts. 

In  the  treatment  of  the  products  of  vegetation,  we  of- 
ten find  chemical  agency  exemplified.  In  bleaching,  by 
the  application  of  a  process  purely  chemical,  we  change 
the  colouring  matter  of  the  thread,  and  render  it  capable 
of  being  easily  removed.  In  dyeing,  we  extract  the  co- 
lours of  many  substances  by  solution,  heighten  their  bril- 
liancy by  the  admixture  of  chemical  agents,  and,  by  the 
intervention  of  others,  fix  and  render  them  permanent  in 
the  cloth.  In  fermenting,  by  a  proper  regulation  of  cir- 
cumstances, we  change  the  principles  of  the  fermenting 
substance,  and  form  a  very  different  product,  wine,  or 
fermented  liquor  :  And,  by  distillation,  we  separate  from 
these  the  ardent  spirit,  in  which  their  principal  qualities 
reside.  The  art  of  the  chemist  is  not  less  strikingly  dis- 
played in  the  processes  for  extracting  and  refining  sugar. 
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preparing  starch,  indigo,  &c. ;  in  the  fabrication  of  paper, 
and  in  the  preparation  of  many  other  useful  products  ob- 
tained from  the  vegetable  kingdom.  The  principles  of 
all  these  arts  have  been  established  by  the  researches  of 
modern  chemistry ;  and  in  the  greater  number  of  them, 
their  manipulations  have  been  improved  by  the  applica- 
tion of  scientific  skill. 

In  the  treatment  of  animal  substances,  other  applica- 
tions of  chemistry  may  be  pointed  out.  Tanning,  the 
manufacture  of  soap,  glue,  and  a  number  of  others,  are 
mere  chemical  processes,  the  theories  of  which  have  been 
successfully  elucidated. 

The  mineral  kingdom  affords  a  number  of  substances, 
which,  to  be  adapted  to  the  uses  of  man,  must  undergo 
many  operations  of  art ;  and  these  are  in  general  of  a  che- 
mical nature.  The  extracting  and  working  of  metals,  arts 
so  important  to  civilized  society,  and  the  effects  of  which, 
in  all  their  extent,  it  would  be  difficult  to  appreciate,  are 
mere  branches  of  practical  chemistry.  The  production 
of  glass,  the  most  beautiful  and  one  of  the  most  useful 
gifts  of  art  to  man,  is  the  result  of  a  simple  chemical  com- 
bination. From  variations  in  the  process,  and  additions 
of  certain  ingredients,  arise  the  arts  of  enamelling,  and 
imitating  the  gems.  And  the  processes  employed  in  the 
fabrication  of  pottery  and  porcelain,  depend  on  similar 
combinations,  regulated  entirely  by  this  science. 

Not  only  is  Chemistry  of  advantage,  from  its  relations  to 
the  arts  j  it  is  also  interesting  and  valuable  from  the  con- 
nexions it  has  with  many  of  the  practices  of  common  life. 
Illustrations  of  this  kind  might  be  derived  from  the  know- 
ledge it  conveys,  by  the  discovery  of  the  laws  of  heat. 
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The  peculiar  effects  arising  from  the  action  of  this  power 
upon  matter,  the  sensations  it  excites,  the  modes  in  which 
It  is  conveyed  through  bodies,  and  its  evolution  and  ab- 
sorption, constitute  phenomena  familiar  in  their  occur- 
rence, the  scientific  knowledge  of  which  is  in, the  highest 
degree  interesting,  and  which  admit  of  the  most  nume- 
rous and  important  applications.  From  the  multiplicity 
of  its  objects,  and  the  extent  of  its  relations,  there  is  no 
science  indeed  which  can  afford  more  interesting  subjects 
of  inquiry,  which  contributes  more  to  enlighten  our 
views  of  nature,  or  which  promises  more  immediate  prac- 
tical utility.  And  there  is  none  of  which  the  progress 
has  been  so  rapid,  or  in  which  the  prospect  of  discovery 
is  more  unlimited. 

Chemistry  is  a  science  peculiarly  of  modern  origin. 
We  can  discover  Indeed  from  the  most  remote  antiquity, 
traces  of  various  arts,  the  principles  of  which  are  chemical. 
But  there  is  no  reason  to  believe  that  these  originated  from 
any  previous  acquisition  of  chemical  science.  They  must 
have  been  the  result  of  casual  observation,  or  of  experi- 
ments dictated  by  necessity^  and  they  were  long  taughc 
and  practised  without  any  knowledge  of  the  principles  on 
which  they  are  founded. 

Of  these  arts.  Metallurgy,  or  the  art  of  extracting 
metals  from  substances  with  which  they  are  naturally 
mixed,  of  purifying,  casting  and  forging  them,  was  pro- 
bably of  earliest  invention,  since  some  knowledge  of  it 
must  have  been  indispensable  in  that  state  of  society  hi 
which  the  others  would  be  cultivated.  Gold,  silver  and 
copper,  metals  which  are  found  native,  and  which  are 
easily  worked,  appear,  from  ancient  history,  to  have  been 
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first  applied  to  use.  Iron,  which  is  much  more  refractory, 
was  of  later  introduction.  The  properties  and  uses  of 
these^  as  well  as  of  lead  and  tin,  were,  however,  known 
at  a  very  early  period,  nor  have  we  any  records  of  their 
discovery.  Other  chemical  arts,  as  that  of  making  brick, 
and  such  kinds  of  earthen-ware  as  might  be  used  in  the 
preparation  of  food,  those  of  fermenting,  of  bleaching, 
dyeing,  and  several  others,  though  probably  of  later  ori- 
gin, were  yet  practised  in  the  earliest  ages. 

In  Egypt,  particularly,  the  various  chemical  arts  seem 
to  have  made  considerable  progress,  and  that  country  has 
be^  celebrated  as  the  parent  of  chemistry.  Its  history  a- 
mong  the  Egyptians,  is,  however,  nothing  but  the  history 
of  the  progress  of  the  arts  among  a  civilized  and  luxu- 
rious people.  Their  practice  might  be  gradually  improv- 
ed, and  new  facts  occasionally  brought  to  light ;  but  their 
principles  were  not  discovered  j  no  relation  was  traced 
among  them,  nor  were  they  classed  together  as  forming 
one  common  branch  of  knowledge. 

Chemistry  formed  no  part  of  the  Grecian  philosophy. 
•A  number  of  observations  respecting  the  chemical  pro- 
perties of  bodies  may  be  found  in  the  writings  of  Theo- 
PHRASTUS,  Aristotle,  and  others.  But  these  were 
spattered  and  altogether  unconnected.  Nor  are  the  vain 
and  hypothetical  speculations  of  the  schools  on  the  ele- 
ments of  matter,  the  nature  of  fire,  air,  water  and  earth, 
the  figures  of  the  particles  of  bodies,  and  their  modes  of 
action,  entitled  to  the  appellation  of  chemical  philosophy. 
Such  as  they  were,  they  rather  bore  a  relation  to  general 
physics. 

Can  any  cause  be  assigned  for  this  slow  progress,  or 
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rather  this  late  origin,  of  chemistry  ?  While  It  remained 
thus  uncultivated,  other  sciences  were  considerably  ad- 
vanced. Astronomy  had  been  studied  with  success. 
Arithmetic,  with  the  first  principles  of  Geometry,  were 
eariy  known  :  and  these,  with  some  other  branches  of 
physics,  were  advanced  by  the  labours  of  the  Grecian 
philosophers. 

It  may  in  part  be  ascribed  to  the  peculiar  nature  of 
this  science.  Its  most  powerful  agents,  and  those  most 
extensive  in  their  operation,  are  substances  with  which 
we  are  not  familiar,  and  which  are  even  not  easily  recog- 
nised j  and  the  actions  which  it  investigates  being  exerted 
between  the  minute  particles  of  matter,  are  more  ob- 
scure, than  those  of  the  other  departments  of  natural  phi- 
losophy. The  difficulty,  therefore,  of  observing  accurate- 
ly the  phenomena,  and  of  discovering  their  causes, 
must  have  retarded  the  progress  or  rather  the  rise  of 
the  science.  With  this,  another  cause  concurred.  Che- 
mical investigations  can  be  prosecuted  successfully  only 
by  experiment ;  and  this  method  of  interrogating  Nature, 
or  at  least  its  Importance,  was  unknown  in  the  ancient 
world.  Arithmetic  and  geometry  require  for  their  cul- 
tivation only  pure  intellectual  exertion  ;  and  astron- 
omy, as  it  existed  among  the  ancients,  depended,  for  its 
advancement,  principally  on  patient  observation.  These 
might,  therefore,  be  successfully  cultivated,  while  Che- 
mistry, which  is  so  immediately  dependent  on  experi- 
ment, would,  as  a  science,  remain  unknown.  The 
delusions  of  Alchemy  gave  rise  to  the  experimental 
method  of  investigation,  and  thus  not  only  laid  the 
foundation  of  chemical  science,  but  perhaps  contributed 
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more  than  any  other  event  to  the  superiority  of  the 
modern  over  the  ancient  mode  of  philosophizing. 

To  Alchemy,  the  pretended  art  of  making  silver  and 
gold,  a  singular  pursuit,  which  commenced  towards  the 
decline  of  literature,  and  which  continued  for  many  cen- 
turies to  be  prosecuted  with  unabated  ardour,  Chemis- 
try undoubtedly  owes  its  origin.  As  a  distinct  branch 
of  knowledge,  it  had  no  existence  prior  to  the  period 
when  the  pursuit  of  the  alchemists  commenced.  The 
chemical  properties  of  bodies  had  seldom  been  made  the 
subject  of  investigation,  and  the  gradual  improvement 
of  the  chemical  arts  was  rather  the  result  of  chance,  than 
of  inquiries  suggested  by  any  principle.  By  the  labours 
of  the  alchemists,  some  knowledge  of  these  properties 
was  attained,  and  gradually  enlarged ;  their  views  led 
them  to  institute  many  experiments  on  the  changes 
which  bodies  suffer  from  their  mutual  intimate  actions, 
and  these  furnished  the  materials  from  which  Chemistry 
was  gradually  raised.  The  knowledge  thus  slowly  acquir- 
ed, was  indeed  for  a  time  directed  to  a  chimerical  pursuit; 
but  the  value  of  the  acquisition  was  not  diminished,  while 
the  foundation  was  laid  of  more  rational  and  successful  in- 
vestigations. «*  Alchemy,"  says  Lord  Bacon  quaintly, 
though  with  much  justness,  "  may  be  compared  to  the 
"  husbandman,  of  whom  ^sop  makes  the  fable,  that  when 
•«  he  died,  told  his  sons  that  he  had  left  unto  them  gold 
«  buried  under  ground  in  his  vineyard  ;  and  they  digged 
"  over  all  the  ground,  and  gold  they  found  none  but, 
«  by  reason  of  their  stirring  and  digging  the  mould  about 
«  the  roots  of  their  vines,  they  had  a  great  vintage  the 
«  year  following  ;  so,  assuredly,  the  search  and  stir  to 
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«  make  gold  hath  brought  to  light  a  great  number  of 
«  good  and  fruitful  inventions  and  experiments  *. 

It  has  been  found  difficult  to  fix  with  precision  the 
date  of  the  rise  of  Alchemy,  and  we  know  nothing  of 
the  circumstances  from  which  this  singular  delusion  ori- 
ginated. The  art  of  transmutation  is  mentioned  before 
the  close  of  the  fourth  century ;  and  during  the  sixth  and 
seventh  centuries,  a  number  of  treatises  were  written  on 
it  in  the  Greek  language,  scarcely  intelligible,  however, 
from  their  obscure  and  enigmatical  style.  In  the  seventh 
century  it  was  communicated  to  the  Arabians,  and  with 
them  originated  a  new  pursuit,  which  was  soon  incorpo- 
rated with  the  search  after  gold.  The  same  agent,  it  was 
supposed,  which  was  the  object  of  discovery  as  capable  of 
converting  the  baser  into  the  more  precious  metals,  would, 
by  its  operation  on  the  animal  system,  prevent  or  remove 
disease,  and  confer  immortality.  This  notion  was  fondly 
adopted,  and  ever  after  we  find  it  conjoined  with  the 
original  object  of  Alchemy.  Geber,  who  has  been  styled 
an  Arabian,  but  who  appears  to  have  been  a  Greek  phy- 
sician, and  to  have  flourished  in  the  eighth  century,  may  be 
considered  as  the  first  systematic  writer  in  Chemistry  j  and 
in  his  writings  a  considerable  number  of  chemical  facts 
are  related,  and  several  of  the  more  difficult  operations  of 
chemistry  are  described. 

Amid  the  darkness  of  the  middle  ages,  these  delusive 
labours  continued  to  be  prosecuted  with  increased  ardour; 
and  it  is  probably  during  this  period,  extending  from  the 
eleventh  to  the  sixteenth  century,  that  the  greatest  num- 


*  Bacon's  Works,  4to,  vol,  i.  p,  18. 
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ber  of  real  chemical  discoveries  were  made.  In  the  thir- 
teenth century  flourished  Roger  Bacon,  to  whom  gun- 
powder and  phosphorus  seem  to  have  been  known,  and 
whose  views  in  chemistry  were  greatly  superior  to  those 
of  his  successors  at  a  much  later  period.  He  was  follow- 
ed by  Arnoldus  de  Villa  Nova,  Raymond  Lully, 
Isaac  and  John  Isaac  Hollandus,  and  Basil  Valen- 
tine, of  whose  history  so  little  is  known,  that  it  is  doubt- 
ful whether  some  of  the  names  are  not  fictitious ;  nor  is 
it  easy  to  assign,  with  precision,  the  discoveries  they 
made.  Those  they  have  announced  are  probably,  indeed, 
rather  the  results  of  the  continued  labours  of  the  sect, 
than  of  their  individual  exertions.  Some  of  them  are  im- 
portant. Two  of  the  alkalis,  a  number  of  the  acids,  and 
of  the  neutral  salts,  were  now  known;  several  of  the  semi- 
metals,  as  they  have  been  termed,  were  distinguished  from 
the  metals  hitherto  in  use  ;  many  metallic  preparations 
were  introduced ;  the  instruments  of  chemical  analysis, 
and  the  methods  of  conducting  chemical  operations,  had 
received  material  Improvements  ;  and  the  chemical  arts 
had  slowly  advanced  to  greater  perfection. 

Paracelsus  and  Van  Helmont  close  the  list  of  dis- 
tinguished alchemists.  The  former,  one  of  the  most  sin- 
gular characters  that  the  history  of  chemistry  presents  to 
our  observation,  first  shook  the  blind  and  implicit  acqui- 
escence of  physicians  in  the  doctrines  of  the  ancients,  and 
contributed  to  introduce  modes  of  thinking  more  favour- 
able to  the  progress  of  science.  By  having  introduced  a 
number  of  metallic  preparations  into  medical  practice, 
and  in  some  measure  established  their  success,  he  laid  the 
foundation  of  chemical  pharmacy,  and  the  attention  of 


INTRODUCTION. 


17 


those  who  prosecuted  these  researches  was  thus  in  part 
withdrawn  from  the  fruitless  pursuit  after  the  art  of  trans- 
mutation, and  directed  to  an  object  beneficial  in  itself, 
and  unconnected  with  concealment  and  imposture.  To 
Van  Helmont,  with  all  his  extravagance,  scientific  che- 
mistry is  probably  more  indebted  than  to  any  of  the  al- 
chemists ;  his  inquiries  were  in  general  directed  to  more 
useful  objects,  and  conducted,  perhaps,  with  more  just 
views.  He  investigated  with  considerable  success  the 
properties  of  several  of  the  aerial  fluids  produced  in  che- 
mical operations  ;  and  although  his  researches  were  not 
immediately  prosecuted,  they  were  never  wholly  forgotten, 
and  it  is  easy  to  trace  them  in  the  subsequent  experiments 
of  Boyle  and  Hales. 

From  this  period  alchemy  rapidly  declined.  The  ex- 
perience of  many  centuries  had  sufficiently  proved  the 
fallacy  of  the  hopes  which  the  alchemists  had  entertained, 
while  so  many  instances  of  fraud  and  imposture  had  been 
detected,  that  little  credit  was  given  to  their  pretensions, 
and  a  belief  of  the  total  futility  of  the  art  began  to  be  en- 
tertained. 

At  the  same  time  commenced  that  revolution  in  philo- 
sophy, so  favourable  to  the  progress  of  true  science. 
The  scholastic  system,  that  singular  combination  of  sub- 
tility  and  absurdity,  began  to  decline,  and  a  philosophy 
more  rational  in  its  principles  and  more  useful  in  its  ob- 
jects, arose  from  its  ruins.  Chemistry  participated  in 
this  revolution ;  and  from  this  period  may  be  dated  its 
progress  as  a  science.  Bacon  first  assigned  it  this  rank, 
and  in  his  masterly  survey  of  human  knowledge,  pointed 
out  Its  peculiar  characters  :  he  reviewed  its  history,  ex- 

VoL.  I.  B 


INTRODUCTION. 

posed  tlie  errors  of  its  professors,  and  suggested  a  number 
of  investigations  which  he  supposed  might  be  successfully 
prosecuted. 

The  institution  of  the  different  learned  societies  in 
Europe  aided  the  progress  of  Cliemistry  in  common  with 
the  other  experimental  sciences.  In  their  early  memoirs, 
we  find  many  chemical  disquisitions ;  and  Chemistry 
long  continued  a  principal  object  of  their  researches. 
Many  of  its  processes  were  improved ;  facts  were  multi- 
plied ;  applications  traced ;  and  a  constant  accession 
made  to  the  stock  of  knowledge.  Kijnckel,  Homberg, 
the  Lemerys  and  Geoffroys  distinguished  themselves 
in  these  labours.  In  England,  Boyle,  Hooke  and  Mayow, 
were  occupied  principally  in  researches  on  the  aerial 
fluids, — the  most  important  class  of  chemical  agents,  and 
on  the  influence  of  atmospheric  air  on  the  processes  of 
combustion  and  respiration.  But  their  discoveries  and 
specuhtions  so  far  exceeded  the  knowledge  of  their  age, 
that  their  importance  was  not  duly  appr-.-ciated ;  and  they 
had  little  influence  in  contributing  to  the  progress  of  the 
science,  though  now  noticed  with  admiration,  as  anticipa- 
tions of  some  of  the  most  important  truths  which  the 
combined  efforts  of  modern  chemists  have  established. 

Chemistry  is  indebted  to  Newtoji  for  the  generaliza- 
tion of  its  phenomena,  or  the  discovery  of  the  princi- 
ple on  which  its  operations  depend,  and  tlie  observation 
of  some  of  the  laws  by  which  it  is  regulated.  In  the 
thirty-first  query,  at  the  end  of  his  Treatise  on  Optics, 
he  states  a  number  of  cases  of  chemical  combination 
and  decomposition.  Some  bodies,  he  observes,  have  a 
tendency  to  combine  together;  others  refuse  to  unite; 
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and  each  has  a  tendency  to  combine  more  strongly  with 
some  than  with  others.  These  phenomena  he  refers  to 
a  species  of  attraction  exerted  between  the  minute  par- 
ticles of  matter,  different  in  its  laws  from  that  attraction 
by  which  their  masses  are  made  to  approach.  The  re- 
lative forces  of  the  different  attractions  were  afterwards 
investigated,  and  an  important  benefit  conferred  on  che- 
mistry by  their  being  reduced  to  the  form  of  a  Table,  by 
Geoffroy. 

Hitherto  Chemistry  might  be  regarded  as  nearly, a  col- 
lection of  insulated  facts,  no  theory  which  embraced  many 
of' its  phenomena  having  been  proposed.  Beccheu,  a 
German  chemist,  first  advanced  some  speculations  re- 
specting the  chemical  elements  of  bodies  j  and  formed  a 
system  celebrated  principally  as  having  given  rise  to  the 
doctrines  of  his  countryman  Stahl, — doctrines  which, 
for  a  considerable  period,  were  implicitly  received,  and 
had  an  important  influence  on  the  progress  of  the  science. 

Of  the  general  operations  belonging  to  Chemistry,  ' 
Combustion  or  Burning  is  undoubtedly  the  most  impor- 
tant. It  is  so,  not  merely  from  the  striking  phenomena  it 
Exhibits,  and  from  a  number  of  bodies  bd'ng  susceptible 
6f  it,  btit  also  frbm  being  the  source  of  some  of  the  most 
active  chemical  agents,  particularly  the  class  of  acids. 
WIrat  still  farther  extends  its  influence,'  t's, 'that  the  same 
changes"  aire  produced  by  some  other  processesi  •  With 
which  cbrnbu^rbh  -therefbre  iri's■ome■'t¥l'ed^u^re'^dehti- 
^l'ed••,'  and  hence  any  theory  of  thls  prccess  'Hihs^  ^be->eiat- 
^d  more  or  I'es^  direitly  f(^'a".g^eat''hiiinber' of^eh'^i't^^ 
fiicts.-''^-'  ■     I-..   ■  'r-V,. .     .  . 

Thfe-expfafiatlbh'w-hich  Sfal^F-'^ave  of  combustion  and 
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the  changes  connected  with  it,  was  extremely  simple. 
He  adopted  an  idea  of  Beccher,  or  rather  indeed  the  po- 
pular idea,  that  combustible  or  inflammable  bodies  contain 
a  common  principle  to  which  their  inflammability  is  ow- 
ing j  this  principle  he  named  Pure  Fire  or^f hlogiston. 
Combustion  he  conceived  to  be  merely  its  disengagement 
under  the  form  of  the  heat  and  light  which  attend  the 
process.  By  its  evolution,  the  combustible  body  of  course 
loses  its  inflammability,  and  is  changed  in  its  other  quali- 
ties. This  inflammability,  however,  it  was  known  to  the 
chemists,  could  be  restored  to  this  residual  substance,  by 
heating  it  with  another  inflammable  body,  a  change  as- 
cribed by  Stahl  to  the  transfer  of  the  phlogiston  from  the 
one  to  the  other.  It  was  also  known,  that  inflammable 
substances  might  be  deprived  of  their  inflammability,  not 
only  by  burning,  but  likewise  by  the  chemical  action  of 
other  substances  upon  them.  These  were  supposed  to  at- 
tract its  phlogiston,  and  thus  to  produce  the  change. 

Though  no  proof  was  given  of  the  truth  of  this  hypo- 
thesis, it  seemed  to  explain  so  satisfactorily  the  phenome- 
na of  combustion,  and  connected  together  such  a  number 
of  facts,  that,  for  a  considerable  period,  it  was  adopted  b^ 
every  philosophic  chemist ;  and  the  implicit  faith  which 
was  given  to  it  conveys  an  useful  lesson  as  to  the  caution 
with  which  a  theoretical  system  ought  to  be  received. 
««  Very  difl^erent  from  those  systems  which  are  produced 
«*  by  imagination,  without  truth,  and  which  experience 
"  destroys,  the  theory  of  Stahl,"  says  the  justly  celebrated 
Macquer,  "  is  the  surest  guide  that  we  can  take  for  our 
''  conduct  in  chemical  researches  •,  and  the  numerous  ex- 
«<  periments  which  are  every  day  made,  far  from  invalidat- 
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«  ing  it,  become  new  proofs  for  its  confirmation."  It 
was  relinquished  with  reluctance  even  when  proved  to  be 
founded  on  a  very  imperfect  knowledge  of  the  changes 
produced  in  combustion,  and  to  involve  conclusions  direct- 
ly contrary  to  fact. 

Chemistry  continued  to  make  a  silent  progress,  unmark- 
ed by  any  splendid  discovery,  until  Dr  Black  began 'the 
investigation  of  the  properties  and  agencies  of  aerial  fluids. 
These  had  not  indeed  altogether  escaped  the  notice  of  pre- 
ceding chemists.  They  had  even  been  lately  made  the 
subject  of  experiment  by  Hales  ;  yet  little  was  really- 
known  regarding  them.  The  distinctions  between  the  dif- 
ferent species  of  airs  or  gases  were  very  imperfectly  esta- 
blished, and  the  opinion  of  Boyle  and  Hales  that  they  are 
only  atmospheric  air,  modified  by  the  processes  by  which 
they  are  obtained,  seems  to  have  been  generally  received. 
Respecting  their  origin,  also,  their  mode  of  existence  in 
dilFerent  substances,  or  their  chemical  qualities,  chemists 
had  nothing  but  vague  opinions,  nor  had  they  ever  clear- 
ly perceived  the  important  influence  of  these  agents  in  che- 
mical combinations.  Dr  Black,  by  his  discovery  of  Carbon- 
ic Acid,  or  what  he  named  Fixed  Air,  and  by  tracing  its  com-; 
binations,  first  communicated  precise  ideas  on  this  subject; 
and  by  his  still  more  profound  discovery  of  Latent  Heat, 
threw  light  on  the  formation  of  aerial  substances,  and  on  the, 
most  striking  phenomena  which  attend  their  combinations. 
He  thus  directed  the  attention  of  chemists  to  Pneumatic 
Chemistry ;  and  the  future  history  of  the  science  is  little 
more  than  a  detail  of  the  discoveries  which  were  made  in 
this  department,  and  the  applications  to  which  they  led. 

The  subject  was  soon  prosecuted  by  Mr  Cavendish, 
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by  whom  were  discovered  the  existence  and  properties  of 
another  aerial  fluid,  Hydrogen  -y  and,  at  a  later  period,  the 
composition  of  Water  and  of  Nitric  Acid.  Dr  Priest- 
ley's labours  were  still  more  extensive,  and  his  discove- 
ries in  this  field  more  numerous.  To  him  we  are  indebt- 
ed'for  our,  knowledge  of  Nitrous  Gas  ;  of  the  existence  of 
Ammonia,  and  of  several  of  the  acids,  in  the  aerial  form  : 
and  he  is  the  discoverer  of  Oxygen  Gas,  the  peculiar  qua- 
lities of  which,  and  particularly  its  superior  power  of 
supporting  combustion  and  respiration,  he  ascertained. 
Sc'HEELE,.a  Swedish  chemist,  participates  in  the  honour 
of  the  discovery  of  oxygen,  as  Dr  Priestley's  researches 
were  entirely  unknovim  to  him.  He  observed,  also,  the 
properties  of  Nitrogen  ;  and  demonstrated,  by  a  variety  of 
experiments,  that  Atmospheric  Air  is  a  compound  of 
tliese  two  elastic  fluids.  The  French  chemists  soon  en- 
gaged' in  similar  investigations  ;  and  Lavoisier,  prose- 
cuting the  experiments  of  Black,  Priestley,  and  Cavendish, 
was  at  length  enabled  to  effect  an  important  revolution  in 
chemical  science. 

Although  the  theory  of  Stahl  had  been  implicitly  re- 
ceived, some  facts  unfavourable  to  it  had  long  been  ob- 
served, particularly,  that  in  certain  cases  of  combustion, 
the  combustible  body,  instead  of  diminishing,  increases  in 
weight  and  it  had  always  been  deficient  in  not  explaining 
what  had  been  long  known,  that  the  presence  of  air  is  in- 
dispensable to  combustion.  The  discoveries  in  Pneuma- 
tic Chemistry  placed  it?  deficiencies  still  more  clearly  in 
view,  aiid  established  facts  absolutely  irreconcilable  with 
its  principles.  It  was  proved  with  more  accuracy,  that 
the  presence  of  the  air  is  requisite  to  combustion  ;  that 
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part  of  it,— the  oxygen  it  contains,  is  always  consumed  ; 
and  that  the  combustible  body  increases  in  weight,  not 
merely  in  the  few  cases  which  had  formerly  been  observ- 
ed, but  in  every  case :  it  was  even  proved  by  Lavoisier,  by 
accurate  experiments,  that  the  increase  in  weight  is  exact- 
ly equivalent  to  the  weight  of  the  quantity  of  oxygen 
which  disappears  :  and,  lastly,  it  was  shewn,  that,  from 
the  product  of  the  combustion,  oxygen  could  be  obtained, 
sometimes  in  a  pure  state,  by  the  application  of  heat ;  in 
other  cases  combined  with  a  third  body,  by  the  interven- 
tion of  a  superior  affinity. 

From  these  discoveries  Lavoisier  drew  the  conclusion, 
that  combustion  is  merely  the  combination  of  oxygen  with 
the  combustible  body.    Indebted  to  Dr  Black's  doctrine  of 
latent  heat  for  the  facts,  that  bodies'  in  the  aeriform  state 
contain  more  of  that  principle  than  when  they  exist  in  the 
fluid  or  solid  form,  and  that,  in  passing  to  these  forms, 
they  render  much  heat  sensible,  he  further  concluded, 
that  the  heat  in  combustion  does  not  proceed  from  the 
combustible  body,  but  from  the  oxygen  gas  with  which  it 
combines,  and  which  contains  comparatively  so  much  more 
of  this  power.   Perceiving,  at  the  same  time,  no  evidence 
■for  the  assumption  in  the  theory  of  Stahl,  that  there  ex- 
ists a  common  principle  in  inflammable  bodies,  and  finding 
no  necessity  for  such  an  assumption  to  explain  the  pheno- 
mena of  combustion,  he  rejected  it  as  an  unfounded  hy- 
pothesis.   Nor  was  his  theory  confined  to  the  process  of 
burning.  The  phenomena  of  Deflagration  and  Deformation, 
the  changes  which  metals  suffer  when  heated  with  the  air, 
their  solutions  in  acids,  and  the  action  of  acids,  on  inflam- 
mable bodies,  were  explained  on  the  same  principle  ;  and 
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these  explanations  combined,  formed  a  system,  which  in- 
cluded an  immense  number  of  chemical  phenomena. 

The  new  theory,  seducing  by  its  simplicity,  by  the 
satisfactory  explanations  it  gave  of  so  many  phenomena, 
and  by  the  apparent  accuracy  of  the  experiments  by  which 
it  was  supported,  soon  ranked  among  its  defenders  some 
of  the  ablest  chemists  of  the  age.  It  was  not  to  be  ex- 
pected, however,  that  the  established  system  would  at 
once  be  deserted  ;  and  accordingly,  though  in  its  original 
state  it  was  no  longer  tenable,  different  modifications  of  it 
were  proposed,  to  reconcile  it  with  the  modern  discoveries. 
These  were  defended  for  a  time  with  ability  and  vigour, 
but  ultimately  without  success  :  the  overthrow  of  the  an- 
cient doctrine  was  at  length  completed,  and  the  system  of 
Lavoisier  established  on  its  ruins. 

So  many  discoveries  having  been  made  in  Chemistry 
within  a  short  period,  and  so  many  errors  having  been 
exploded,  a  change  in  the  language  was  inevitable.  New 
ideas  were  to  be  expressed,  and  the  phraseology  of  old 
opinions,  proved  to  be  false,  was  to  be  corrected.  A  no- 
menclature was  therefore  proposed  by  the  French  che- 
mists, which,  although  undoubtedly  liable  in  several  of 
its  parts  to  objection,  is  founded  on  just  principles,  and 
has  received  the  sanction  of  general  usage. 

Chemistry  has,  since  this  period,  continued  to  make  a 
rapid  progress ;  so  numerous  and  important,  indeed,  are 
the  discoveries  that  have  been  made,  that  it  would  be  an 
unnecessary  anticipation  to  notice  them  in  this  general 
sketch.  It  is  now  so  far  advanced,  as  to  admit  of  a  scien- 
tific arrangement.  It  is  not  a  mere  collection  of  facts, 
the  relations  between  which  are  imperfectly  traced,  but  a 
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science,  or  body  of  knowledge  capable  of  being  arranged 
under  general  principles.  The  last  object  in  this  intro- 
ductory discourse,  is  to  point  out  the  principles  on  which 
its  systematic  arrangement  may  be  attempted. 

The  object  of  Chemistry,  it  has  been  remarked,  is  to 
trace  the  combinations  of  matter-,  and  the  method  of  ar- 
rangement, which  the  very  nature  of  the  science  suggests, 
is  first  to  consider  those  general  forces  or  powers  whence 
these  combinations  arise,  or  by  which  they  are  modified ; 
and  afterwards,  to  proceed  to  the  chemical  history  of  the 
individual  substances  on  which  these  forces  operate,  and 
of  the  combinations  into  which  they  enter. 

In  conformity  to  this  view,  are  established  the  arrange- 
ments of  this  System.    The  whole  Science  of  Chemistry 
is  comprised  under  two  divisions. — Under  the  first  the 
general  powers  productive  of  chemical  phenomena  are 
considered,  including  the  statement  of  the  doctrines  of 
Chemical  Attraction,  and  of  Repulsion  as  produced  by 
the  action  of  Heat,  of  Light,  and  of  Electricity  or  Gal- 
vanism.— Under  the  second  is  placed  the  Chemical  His- 
tory of  individual  substances,  including  the  details  of  their 
reciprocal  actions,  and  of  all  the  combinations  they  form; 
and  proceeding  in  considering  these,  from  the  simple  to 
the  compound,  from  those,  the  characters  of  which  are 
few  and  ^distinct,  to  others,  the  composition  of  which  is 
more  complicated,  and  whose  agencies  cannot  well  be 
explained  without  a  knowledge  of  the  more  simple  sub- 
stances of  which  they  are  composed.    And  under  these 
details  may  be  introduced  the  principal  applications  of 
the  science,  either  to  the  illustration  of  the  phenomena 
of  nature,  or  to  purposes  of  practical  utility. 
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To  the  plan  in  which  the  more  general  principles  of 
the  science  are  considered,  previous  to  the  chemical  his- 
tory of  individual  substances,  it  has  been  objected  by 
different  authors,  that  it  is  impossible  to  illustrate  these 
principles,  but  from  the  combinations  of  such  substances  ; 
and  that  these  therefore  ought  first  to  be  described.  It 
is  not  recollected  that  this  is  a  difficulty  to  a  certain  ex- 
tent unavoidable,  whatever  method  be  followed,  and  that 
it  is  equally  impossible  to  give  the  chemical  history  of  a 
single  substance  without  supposing  the  learner  acquainted 
with  the  general  phenomena  and  laws  of  combination,  or 
without  anticipating  ^hat,  according  to  the  plan,  is  re- 
served for  discussion.  It  will  be  found  not  difficult  to 
follow  the  more  natural  method  with  advantage  ;  to  il- 
lustrate the  laws  of  chemical  action  by  examples  from  sub- 
stances familiarly  known,  or  which,  though  unknown, 
may  still  be  equally  adapted  to  convey  illustrations  of  ge- 
neral truths  ;  and  such  truths  being  established,  they  may 
be  farther  developed  in  the  history  of  the  different  che- 
mical agents,  while  that  history  is  thus  rendered  more  in- 
teresting and  more  complete.  "  Whatever  science  be 
«  the  object  of  study,"  says  Vauquehn,  «  in  order  that 
*«  a  sure  and  rapid  progress  be  made  in  it,  it  is  al- 
"  ways  necessary  to  explain  first  the  general  principles 
"  under  which  individual  facts  are  arranged,  and  which 
"  are  applicable  to  all  its  operations  *." 
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PART  1. 

OF  THE  GENERAL  FORCES  PRODUCTIVE  OF 
CHEMICAL  PHENOMENA. 

^^j^LL  the  phenomena  bf  chemistry  arise  from  the  at- 
tractions and  repulsions  which  are  exerted  between 
the  particles  of  matter.  The  statement  of  the  effects  aris- 
ing from  these  forces,  and  the  investigation  of  the  laws 
according  to  which  they  operate,  include  the  general  prin- 
ciples of  the  science,  ^vhich  properly  precede  its  particu- 
lar details.  The  doctrines  of  Attraction  may  first  be 
considered. 
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BOOK  L 
OF  ATTRACTION. 

The  term  Attraction  is  employed  to  denote  the  power 
or  force  by  which  bodies  have  a  tendency  to  approach  to 
each  other,  to  enter  into  more  or  less  intimate  contact  or 
union,  and  to  remain  in  that  state.  Different  species  of 
this  force  have  been  observed,  which,  whether  they  be 
ultimately  the  same  or  not,  give  rise  to  very  different 
phenomena,  and  operate  according  to  different  laws, — 
which  must  therefore  be  distinguished  from  each  other. 

A  general  distinction  may  be  stated  between  them,  as 
they  operate  at  greater  or  at  less  distances,  and  as  they  af- 
fect the  masses  or  the  particles  of  matter. 

Gravitation,  the  most  general  in  its  agency  of  any  of 
these  attractive  powers,  is  exerted  between  the  largest 
masses  of  matter,  placed  at  sensible,  and  often  at  immense 
distances ;  its  tendency  is  to  cause  them  to  approach  until 
their  surfaces  are  in  contact,  its  force  being  directly  as 
the  mass  or  quantity  of  matter,  and  inversely  as  the  square 
of  the  distance.  Operating  according  to  this  simple  law, 
its  effects  can  be  subjected  to  precise  calculation,  and  can 
therefore  be  predicted  independent  of  observation. 

But  there  are  other  varieties  of  attraction,  in  the  action 
of  which  this  law  cannot  be  observed;  which  do  not  affect 
masses  of  matter,  but  arc  exerted  only  between  its  minute 


OF  ATTRACTION.  29 

particles;  and  which  operate  at  no  sensible  distances,  but 
only  when  these  particles  are  placed  in  apparent  contact. 

Of  this  Contiguous  Attraction,  two  varieties  have  been 
distinguished;  one  denominated  the  Attraction  of  Cohesion 
or  Aggregation  ;  the  other.  Chemical  Attraction  or  Affini- 
ty.   The  former  is  exerted  only  between  the  particles  of 
the  same  kind  of  matter.    It  unites  them  so  as  to  form  a 
mass  or  aggregate,  the  density  or  solidity  of  which  is 
proportioned  to  the  force  with  which  it  is  exerted  ;  but  the 
essential  properties  of  the  mass  are  always  the  same  with 
those  of  the  particles  which  compose  it.   Chemical  attrac- 
tion, on  the  contrary,  is  necessarily  exerted  between  the 
particles  of  different  kinds  of  matter  ;  and  when  it  unites 
them,  forms  substances  having  qualities  which  differ  more 
or  less  from  those  of  the  bodies  which  have  been  combined. 

While  gravitation  is  the  source  of  all  the  sensible  mo- 
tions of  the  universe,  contiguous  attraction  gives  origin  to 
many  important  phenomena,  arising  from  the  insensible 
motions  of  the  particles  of  matter.  Exerted  between  bo- 
dies of  the  same  kind,  it  is  the  cause  of  the  different 
forms  in  which  they  exist,  and  the  regular  figures  which 
many  of  them  assume.  Exerted  between  particles  of  dif- 
ferent kinds,  it  is  the  source  of  all  the  combinations  of 
matter  which  constitute  so  important  a  part  of  the  econo- 
my of  nature. 

The  question  has  often  been  proposed,  whether  the 
various  attractions  exerted  by  bodies  depend  on  one  gene- 
ral cause,  modified  in  the  varieties  under  which  it  appears, 
by  external  circumstances,  or  whether  there  are  different 
species  of  attraction  originally  distinct  from  each  other  ? 

It  is  no  doubt  true,  that  distant  and  contiguous  attrac- 
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tions  observe  different  laws.  The  force  of  the  one  is  irt 
the  direct  ratio  of  the  quantity  of  matter,  and  in  the  in- 
verse ratio  of  the  square  of  the  distance.  But  in  conti- 
guous attraction,  though  the  force  may  vary  with  the  mass 
or  quantity  of  matter,  we  are  not  only  unable  to  demon- 
strate that  the  general  law  is  followed  with  regard  to  the 
distance  j  there  are  even  facts,  particularly  those  which 
relate  to  the  adhesion  of  bodies,  which  have  been  suppos- 
ed to  prove  that  it  follows  a  higher  ratio,  or  is  governed 
bv  a  different  law. 

Buffon  conceived  the  idea,  which  many  philosophers 
have  been  disposed  to  receive  as  just,  that  the  apparent 
difference  between  distant  and  contiguous  attraction  is 
owing  to  the  modification  arising  from  figure  *.  On  the 
attraction  of  large  bodies,  placed  at  vast  distances,  the 
figures  of  the  masses  can  have  no  perceptible  influence, 
while,  in  contiguous  attraction,  exerted  at  insensible  dis- 
tances, the  figure,  as  altering  the  relative  distance  material- 
ly, must  necessarily  operate.  The  varieties  in  the  figures, 
then,  of  the  constituent  particles  of  bodies,  and  it  may  be 
added,  also,  in  their  magnitudes,  may  modify  the  effects 
of  contiguous  attraction,  so  far,  that,  Supposing  it  to  be 
ultimately  tlfe  same  as  gravitation,  it  may  still  present  to 
us  results  which  cannot  easily  be  submitted  to  caieuliVtion. 

Bergman  adopted  this  view,  and  Macquer,  perhnps, 
added  to  its  probability,  by  the  observation  f ,  that  if  ^ra- 
"  vitation  be  an  essential  property  of  matter,  as  there  is 
«'  much  reason  to  believe,  its  effects  cannot  be  confined 

  •  ■•'-■''I  "  

*  Histoire  NaDOtdle,  ttrnl.  jtKvii  (sedonde  vue  de  la'natu're'). 
f  Chemical  Dictmnary,  article  Gravity. 
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«  to  very  large  bodies,  separated  by  immense  distances, 
«  but  must  likewise  act  between  their  minute  particles  at 
"  small  distances,  and  consequently  be  concerned  in 
<«  chemical  phenomena."  The  discovery  by  Berthollet, 
that  the  intensity  of  chemical  action  is  influenced  by  quan- 
tity of  matter,  still  farther  favours  the  supposition,  that  the 
different  varieties  of  attraction  are  the  same  power,  modi- 
fied by  the  circumstances  under  which  it  operates. 

It  must  also  be  admitted,  however,  that  no  case  of  con- 
tiguous attraction  has  been  demonstrated  from  the  general 
law  of  gravity,  modified  by  any  assumption  with  regard  tO 
figure  J  and  these  speculations,  whatever  probability  they 
may  have,  are  not  sufficiently  precise  to  serve  as  the  basis 
of  any  theory.  And  as  we  are  altogether  unable  to  ascer- 
tain the  figures  and  positions  of  the  particles  of  matter, 
the  laws  of  contiguous  attraction  cannot  be  deduced  from 
any  general  principle,  but  must  be  inferred  from  the  ob- 
servation of  its  efi'ects. 

There  is  less  reason  to  doubt  but  that  the  two  varieties 
of  contiguous  attraction,  aggregation  and  chemical  attrac- 
tion, are  ultimately  the  same  power,  the  different  effects 
produced  by  their  action  arising  from  the  difi^erence  in  the 
particles  they  unite.  In  the  one  case,  the  particles  being 
of  the  same  kind,  must  form  an  aggregate  possessed  of 
their  general  properties  ;  in  the  other,  the  particles  being 
dissimilar,  must,  by  their  union,  have  their  properties  more 
or  less  changed.  Admitting  their  identity,  however,  the 
effects  they  do  produce  are  so  different,  that  they  Irdquire 
to  be  considered  apart.  The  ph^nomeiia  to  which  they 
give  rise,  and  the  laws  they  observe,  will  be  the  subjects 
of  tlie  two  following  chapters.  ' 
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CHAP.  I. 

OF  THE  ATTRACTION  OF  AGGREGATION  OK 
COHESION. 

Aggregation,  or  that  attraction  exerted  between 
particles  of  the  same  kind  of  matter,  is  a  force  fre- 
quently concerned  in  chemical  phenomena.  It  power- 
fully modifies  the  exertion  of  chemical  attraction,  and  is 
an  antagonist  to  the  action  of  heat  or  caloric.  Hence  its 
effects  are,  to  a  certain  extent  at  least,  subjects  of  chemi- 
cal investigation. 

The  existence  of  this  attraction  is  very  easily  demon- 
strated. If  two  particles  of  a  similar  kind,  sufficiently 
fluid  to  be  susceptible  of  motion,  are  made  to  approach, 
when  within  a  certain  distance,  they  exert  a  mutual  at- 
traction, in  consequence  of  which,  they  unite  together  ; 
and  this  attraction  retains  them  united,  or  opposes  resist- 
ance to  any  force,  the  tendency  of  which  is  to  occasion 
their  separation. 

In  a  solid  mass  of  matter  the  exertion  of  this  power  is 
still  stronger.  The  particles  which  compose  the  mass  are 
united  .by  a  reciprocal  attraction,  so  powerful  that  they 
are  not  capable  of  being  moved,  with  regard  to  each  o- 
ther,  by  any  meclianical  agent ;  and  a  much  stronger  re- 
sistance is  opposed  to  their  disunion. 
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In  substances,  on  the  contrary,  existing  in  the  state  of 
vapour  or  of  air,  this  power  is  entirely  negative.  The 
particles,  instead  of  attracting,  repel  each  other ;  they  are 
made  to  approximate  only  by  pressure  applied  to  them, 
and  they  recede  in  proportion  as  that  pressure  is  with- 
drawn. 

Bodies  exist',  therefore,  in  the  aeriform,  the  fluid,  or 
the  solid  state,  according  as  this  mutual  attraction  is  ex- 
erted between  their  particles.  In  the  aeriform  state,  its 
force  is  entirely  overcome.  In  the  state  of  fluidity  it  is 
exerted,  but  so  weakly  that  the  slightest  impulse  is  sufii- 
cient  to  disunite  the  parts  of  which  the  fluid  consists; 
and  scarcely  any  resistance  is  opposed  to  any  force,  the 
operation  of  which  is  to  bring  them  into  new  arrange- 
ments ;  nor  in  different  fluids  can  we  perceive  much  dif- 
ference in  the  degree  of  their  cohesion.  In  the  solid 
state,  it  is  so  far  energetic  as  to  oppose  considerable  re- 
sistance to  any  power  tending  to  separate  the  particles, 
or  cause  them  to  move  with  regard  to  each  other  j  and  in 
difi'erent  solids,  we  discover  it  to  be  exerted  in  very  dif- 
ferent degrees  of  strength. 

Several  qualities  of  solid  bodies  appear  to  arise  front 
peculiarities  in  the  arrangement  of  their  particles,  accord- 
ing to  the  mode  and  the  degree  in  which  aggregation  is 
exerted,  or  in  which  it  is  balanced  by  the  repulsive  power 
of  heat,  such  as  their  tenacity,  elasticity  and  hardness. 

Aggregation  is  weakened  in  bodies,  Or  overcome  by 
two  causes, — by  the  operation  of  heat,  or  by  the  exertion 
of  a  mutual  attraction  between  two  kinds  of  matter. 

If  we  expose  a  solid  substance  to  a  moderate  degree  of 
heat,  its  volume  is  enlarged ;  the  particles  composing  ity 
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therefore,  are  separated  from  each  other,  and  of  course 
the  attraction  by  which  they  \vere  kept  in  union  is  coun- 
teracted. The  enlargement  of  volume  continues  to  pro- 
ceed, as  the  heat  is  increased,  until  the  point  is  reached 
at  which  the  attraction  is  so  far  weakened  that  the  body 
passes  into  the  fluid  form.  If  the  application  of  heat  be 
still  continued,  the  particles  of  the  fluid  are  equally  sepa- 
rated from  each  other  ;  and  this  continues  increasing,  un- 
til the  attraction  between  them  is  entirely  overcome,  and 
the  fluid  passes  into  the  aerial  form. 

The  same  changes  may  likewise  be  produced  by  the 
exertion  of  chemical  affinity.  Thus,  if  a  liquid  be  poured 
on  a  solid  substance,  it  often  happens,  that  a  mutual  at- 
traction is  exerted  between  them,  in  consequence  of 
which,  the  aggregation  of  the  solid  is  subverted,  its  parti- 
cles are  detached,  and  uniformly  diffused  through  the 
liquid,  so  as  to  be  no  longer  perceptible,  and  not  even  to 
impair  the  transparency.  This  constitutes  the  chemical 
process  named  Solution,  which  is  merely  a  case  of  chemi- 
cal combination,  differing  from  others  in  the  circumstance 
that  one  of  the  bodies  exists  in  the  liquid  form,  and  com- 
municates that  form  to  the  other.  It  is  the  result  of  the 
predominance  of  the  mutual  affinity  of  the  two  bodies  over 
the  cohesion  of  the  solid ;  and  as  cohesion  is  weakened 
by  a  high  temperature,  it  is  obvious,  that  the  application 
of  heat  must  favour  solution,  by  diminishing  that  resistance 
which  is  opposed  to  the  affinity  by  which  it.  is  efi'ected, 

 a  law  which  is  accordingly  observed.    The  affinity 

exerted  to  a  solid  by  a  substance  in  the  aerial  form,  may 
likewise  overcome  its  cohesion,  and  cause  it  to  pass  into 
the  aeriform  state. 
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When  these  powers,  whether  of  heat  or  chemical  af- 
finity, are  withdrawn,  cohesion  resumes  its  force,  or  the 
body  returns  to  the  solid  form.  By  diminishing  heat  suf- 
ficiently, an  aerial  body  may  be  reduced  to  the  state  of 
fluidity  ;  and  all  fluids,  by  sufficient  cooling,  may  be  ren- 
dered solid.  The  suspension  of  chemical  affinity,  in  o- 
ther  cases,  gives  rise  to  the  same  changes  of  form,  or  a 
solid  may  be  deposited  from  a  liquid,  or  air,  in  which  it 
had  been  dissolved. 

When  the  attraction  of  aggregation  is  thus  exerted,  the 
particles  are  sometimes  united  indiscriminately,  so  as  td 
form  irregular  masses ;  sometimes  they  pass  into  peculiar 
arrangements,  whence  masses  of  regular  and  determinate 
figures  arise. 

The  former  happens  generally  when  the  attraction  has 
been  exerted  suddenly,  and  with  considerable  force.  If 
a  fluid,  which  has  been  melted  by  heat,  be  suddenly  cool- 
ed, a  mass  is  formed  altogether  irregular.  Or  if,  in  con- 
sequence of  chemical  action,  a  substance  be  produced, 
the  particles  of  which  have  a  strong  mutual  attraction, 
this  is  exerted  at  the  moment  of  its  production,  and  the 
substance  is  separated  in  the  form  of  a  powder.  This 
latter  case  is  named  in  chemical  language  Precipitation, 
and  the  substance  is  said  to  be  precipitated. 

But  if  the  attraction  of  aggregation  which  has  been 
weakened,  either  by  the  operation- of  heat  or  of  chemical 
attraction, -resume  its  force  more  slowly,  the  particles  are 
not  united  indiscriminately,  but  in  uniting  assume  a  par- 
ticular arrangement,  and  thus  form  masses  of  regular 
figures,  or  bounded  by  plane  surfaces  and  determinate 
angles.     When  aggregation  is  exerted  in  this  manner., 
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and  with  this  result,  the  operation  is  named  Crystalliza- 
tion, and  such  regular  figured  masses  arc  denominated 
Crystals.  As  a  chemical  operation  of  considerable  im- 
portance, it  requires  to  be  more  fully  considered. 

Crystallization  is  of  two  kinds  :  first,  as  it  takes  place 
from  the  reduction  of  temperature,  in  a  body  which  has 
had  fluidity  communicated  to  it  by  the  operation  of  heat ; 
and,  secondly,  as  it  proceeds  from  the  diminution  in  tlie 
solvent  power  of  a  fluid,  which  has  communicated  fluidity 
to  a  solid,  by  having  combined  with  it. 

Of  the  first  kind  of  crystallization,  water  affords  an  ex- 
ample, in  passing  into  ice  by  a  reduction  of  its  tempera- 
ture. At  first  long  and  slender  spicula;  form  in  the 
fluid,  and  from  these  others  shoot  out  at  a  certain  angle, 
arul  this  continues  till  the  interstices  are  filled  with  these 
crystals,  and  the  whole  becomes  a  solid  transparent  mass. 
We  have  also  examples  of  it  in  the  metals,  which,  when 
melted  and  cooled  slowly, assume  symmetrical  forms.  Some 
inflammables,  as  sulphur,  crystallize  in  a  similar  manner. 

Of  the  second  kind  of  crystallization,  the  principal  ex- 
amples are  derived  from  the  order  of  salts,  and  a  few  o- 
ther  solids  soluble  in  water ;  and  with  regard  to  this, 
several  facts  of  importance  require  to  be  stated. 

The  solution  of  a  solid  in  a  fluid,  it  has  been  remarked, 
is,  in  almost  erery  case,  increased  by  heat,  which  weak- 
ens cohesion  :  hence  a  larger  quantity  of  the  solid  is  kept 
in  solution  at  a  high  than  at  a  low  temperature.  If  wo 
prepare,  therefore,  a  solution  of  a  salt  in  hot  water,  tlie 
solution  being  saturated,  or  the  fluid  having  dissolved  as 
much  of  the  salt  as  it  can  do,  on  allowing  it  to  cool,  the 
portion  of  salt  which  the  heat  enabled  the  fluid  to  dissolve, 
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will  separate  ;  and  unless  the  cooling  of  the  solution  is  very 
rapid^the  particles  of  the  soUd,in  approaching  to  each  other, 
will  pass  into  those  regular  arrangements  which  constitute 
crystals. 

The  same  result  will  be  obtained  by  withdrawing  part 
of  the  fluid  by  which  the  solid  is  dissolved.  If  this  be 
done  slowly,  or  by  spontaneous  evaporation,  the  particle* 
will  obey  the  law  of  attraction  which  unites  them  in  re- 
gular forms;  and  crystals  are  in  this  way  formed,  fre- 
quently more  regular,  and  of  a  larger  size,  than  by  the 
former  method  of  reducing  the  temperature  of  the  solu- 
tion.   Some  can  be  crystallized  only  in  this  method. 

In  both  cases,  the  fiuid  in  which  the  crystals  form  is 
still  a  saturated  solution  of  the  solid,  and  by  a  farther  e- 
vaporation,  joined  sometimes  with  subsequent  cooling, 
will  again  crystallize. 

In  general,  the  slower  the  formation  of  a  crystal,  the 
more  perfect  is  its  symmetrical  arrangement ;  it  is  also 
larger,  harder,  and  more  transparent :  while,  when  the 
process  is  too  rapid,  or  is  disturbed  by  agitation  or  othet 
causes,  the  arrangement  is  less  regular,  and  the  form  in- 
complete. Hence  the  crystals  formed  in  nature  are  in 
general  so  much  more  perfect  than  those  produced  by 
artificial  processes. 

Crystallization  is  promoted  by  affording  a  nucleus  or 
solid  point  at  which  it  may  commence,  and  still  more  so 
if  a  crystal  be  introduced  into  the  solution.  Crystalliza- 
tion immediately  commences  from  it,  if  the  solution  be  a 
saturated  one,  and  it  is  even  capable  of  causing  a  part  of 
the  solid  to  be  separated  which  the  water  at  the  tempera- 
ture at  which  it  takes  place  could  have  retained  in  solu»- 
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tion.  Even  the  regularity  of  the  figure  of  this  crystal 
seems  to  have  an  effect  in  rendering  the  crystallization 
more  or  less  regular  and  on  this  Le  Blanc  has  founded 
a  method  of  obtaining  large  and  perfect  crystals.  It  con- 
sists in  selecting  very  regular  crystals  of  a  salt  that  have 
been  newly  formed,  and  putting  them  into  a  saturated  so- 
lution of  the  same  salt.  They  increase  in  size  ;  and  as 
the  side  which  is  in  contact  with  the  vessel  receives  no 
increase,  they  are  to  be  turned  daily,  to  preserve  their  re- 
gularity. After  some  time,  the  largest  and  most  regular 
of  these  crystals  are  to  be  selected,  and  the  same  process 
repeated  on  them  ;  and  thus  crystals  much  larger,  and 
more  regular  than  are  usually  formed  in  a  solution,  may 
be  obtained*. 

The  access  of  the  air  has  an  important  influence  on 
this  process.  If  a  saturated  solution  of  salt,  while  hot, 
be  put  into  a  vessel  from  which  the  air  is  excluded,  it 
does  not  crystallize  even  when  cold.  But  if  the  air  be 
admitted,  the  crystallization  immediately  commences,  and 
proceeds  with  rapidity.  It  has  been  shewn  by  Dr  Hig- 
.  gins,  that  any  pressure,  equivalent  to  that  of  the  atmo- 
sphere, as  the  pressure  of  a  column  of  mercury,  has  the 
same  effect  ■f. 

This  last  fact  leads  us,  of  course,  to  regard  the  agency 
of  the  air  in  promoting  crystallization,  as  depending  on 
the  pressure  it  exerts  ;  and  the  following  may  perhaps  be 
admitted  as  the  probable  theory  of  the  operation.  When 
the  saturated  solution  of  the  salt  is  inclosed  in  the  vessel, 


*  Journal  de  Physique,  torn.  Iv.  p.  300. 
f  Minutes  of  a  Society  for  Philosophical  Experiments,  p.  89. 
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and  the  pressure  of  the  atmosphere  excluded,  the  parti- 
cles in  solution  may  be  conceived  as  placed  at  distances 
too  great  to  admit  of  the  attraction  of  cohesion  heing  ex- 
erted, so  as  to  cause  them  to  unite  and  crystallize.  But 
when  the  pressure  of  the  air,  or  any  equivalent  pressure, 
is  brought  to  act  on  the  surface  of  the  fluid,  its  particles, 
as  well  as  the  particles  of  the  solid  contained  in  it,  are 
forced  nearer  to  each  other ;  the  attraction  of  cohesion  is 
exerted,  and  the  crystallization  commences.  The  small 
crystals  that  are  thus  formed  at  the  surface  afford  solid 
points  from  which  other  crystals  are  formed,  and  this 
proceeds  rapidly  through  the  whole  fluid. 

During  crystallization  a  quantity  of  heat  is  rendered, 
sensible  :  this  is  more  apparent  in  the  experiment  just 
stated,  from  the  rapidity  of  the  crystallization.  In  many- 
cases,  the  volume  of  the  substance  crystallizing  is  enlarged, 
as  in  the  example  of  water,  of  iron,  and  of  the  greater 
number  of  salts  ;  but  in  others  the  volume  is  diminished. 
Quicksilver,  in  congealing,  contracts  about  of  its  whole 
bulk,  yet  it  exhibits  the  crystalline  texture  •,  and  when 
the  congelation  is  partial,  the  crystalline  figure  can  even 
be  discovered. 

Crystals  deposited  from  water  always  contain  a  quan- 
tity of  it,  which  is  retained  by  the  affinity  of  the  solid, 
and  has  passed  with  it  into  the  concrete  form.  It  is 
termed  Water  of  Crystallization.  Its  quantity  is  very  va- 
rious ;  sometimfcs  it  equals  or  exceeds  the  weight  of  the 
solid,  and  sometimes  it  amounts  only  to  a  few  parts  in 
the  hundred.  Much  of  the  cold  produced  during  the  so- 
lution of  salts  in  water,  is  owing  to  this  water  of  crystal- 
lization passing  into  the  fluid  state :  hence  crystallized 
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salts  produce  in  dissolving  more  cold  than  when  they  are 
uncrystallized.  If  the  water  of  crystallization  be  expelled 
from  a  crystal,  it  loses  its  transparency,  and  at  length  its 
form.  Crystals  which  part  with  their  water  of  crystalliza- 
tion when  exposed  to  the  atmosphere,  are  said  to  effloresce, 
and  to  deliquesce  when  they  attract  water  and  become 
humid. 

Some  substances  have  so  strong  an  alEnity  to  the  fluid 
in  which  they  are  dissolved,  or  so  Uttle  tendency  to  cohe- 
sion, that  they  do  not  crystallize.  In  some  cases,  their 
crystallization  may  be  effected  by  adding  to  the  solution 
a  substance  exerting  an  affinity  to  the  fluid,  and  of  course 
weakening  its  aflSnity  to  the  solid  it  holds  dissolved. 

As  different  bodies  require  very  different  quantities  of 
water  for  their  solution,  it  is  possible  when  two  such  bo- 
dies are  dissolved  in  one  fluid,  to  obtain  them  separate  by 
crystallization,  the  one  which  is  least  soluble,  or  most 
disposed  to  crystallize,  first  passing  to  the  solid  form  ; 
and,  by  farther  evaporation,  the  other  is  obtained.  A  fact 
on  this  subject,  somewhat  singular,  is  noticed  by  Mr  Kir- 
wan.  If  into  a  saturated  solution  of  two  salts  in  water, 
a  crystal  of  either  be  put,  that  salt  crystallizes  in  prefe- 
rence to  the  other. 

By  crystallization,  also,  salts,  the  solubility  of  which  in 
water  is  unequally  promoted  by  heat,  may  be  obtained 
separately  from  the  same  solution.  Thus,  if  one  salt  be 
much  more  soluble  in  hot  than  in  cold  water,  and  another 
be  equally  soluble  or  nearly  so  at  any  temperature,  on  e- 
vaporating  the  solution  sufficiently,  the  latter  salt  will 
crystallize  while  the  liquor  is  hot ;  on  cooling,  the  other 
will  shoot  into  crystals }  and,  by  alternate  evaporation 
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and  cooling,  the  two  may  be  obtained  uncombined, 
though  generally  with  a  little  intermixture  of  each  other. 

Sometimes,  however,  when  two  salts  are  in  solution  in 
the  same  fluid,  and  have  different  tendencies  to  crystalli- 
zation, their  mutual  affinity  leads  them  to  crystallize  in 
one  mass,  and  even  to  assume  a  form  different  from  that 
in  which  separately  they  would  have  crystallized.  In  o- 
ther  cases,  this  mutual  affinity  between  substances  in  so- 
lution is  sufficient  to  resist  their  crystallization,  to  render 
it  more  difficult,  or  even  if  they  crystallize  apart,  to  pro- 
duce some  degree  of  intermixture  of  the  one  with  the 
other. 

Crystallization  sometimes  takes  place  when  bodies  in 
the  aerial  form  become  subject  to  the  attraction  of  aggre- 
gation j  and  even  solids  separated  from  a  liquid  by  che- 
mical action,  in  some  instances,  in  the  moment  of  their 
separation,  assume  a  crystallized  form. 

The  theory  of  crystallization  is  still  obscure,  so  far  at 
least  as  relates  to  the  cause  of  the  regular  forms  to  which 
it  gives  rise.  This  has  been  accounted  for,  on  the  suppo- 
sition that  the  particles  of  different  bodies  have  different 
figures,  and  that  the  particles  of  each  crystallizable  body 
have  a  polarity  or  a  tendency  to  arrange  tliemselves  in  o- 
beying  the  law  of  cohesion,  by  certain  sides  in  preference 
to  others.  The  uniformity  of  crystallization  in  each  indi- 
vidual, and  the  difference  in  the  figure  of  its  crystals  from 
that  in  others,  are  thus  explained.  But  the  explanation, 
has  not  sufficient  precision  to  claim  the  name  of  a  theory. 

Every  substance  in  crystaUizing  is  disposed  to  assume 
a  particular  figure.  Thus,  sea-salt  crystallizes  in  the 
^orm  of  a  cube ;  nitre  in  that  of  a  hexaedral  prism ;  sugar 


42  OF  The  attraction 

in  that  of  a  four  or  six  sided  prism  with  triedral  termina- 
tions. The  crystalline  figure  in  any  substance,  however, 
is  not  invariable,  but  may  be  altered  by  circumstances 
affecting  the  crystallization ;  and  we  find  the  same  sub- 
stance crystallized  under  a  variety  of  forms.  Sea-salt 
crystallizes  not  only  in  cubes,  but  also  in  octaedrons  ;  and 
carbonate  of  lime  is  found  in  nature  in  the  form  of  an 
liexaedral  prism,  an  hexaedral  and  a  triedral  pyramid. 

Haiiy  has  succeeded  in  developing  the  theory  of  the 
structure  of  crystals,  so  far  as  to  shew,  that  in  every 
crystallized  substance,  whatever  may  be  the  difference  of 
figure,  which  may  arise  from  modifying  circumstances, 
there  is  a  primitive  form,  the  nucleus  as  it  were  of  the 
crystal,  invariable  in  each  substance,  and,  by  various  mo- 
difications which  he  points  out,  giving  rise  to  the  nume- 
rous secondary  or  actually  existing  forms. 

Rome  de  L'Isle  had  conceived  the  idea,  that  all  the  va- 
rieties of  crystals  with  which  we  are  acquainted  might  be 
derived  from  certain  primitive  or  simple  forms,  by  the 
different  truncations  of  which  these  forms  are  suscepti- 
ble. Thus,  to  take  the  most  simple  example,  a  cube 
may  be  truncated  in  the  direction  of  its  sides,  its  angles, 
or  edges.  If  the  angles  be  cut  off,  we  shall  have  no 
longer  a  figure  of  six  sides,  but  of  fourteen ;  if  the  edges 
be  struck  off,  they  will  be  replaced  by  twelve  faces,  and 
the  figure  will  have  eighteen  sides ;  or,  lastly,  if  the 
cube  be  truncated  in  the  direction  parallel  to  one  of  its 
faces,  the  equality  of  its  sides  will  be  destroyed,  and  a 
rectangled  parallelopipedon  be  produced  ;  and  these 
new  foi-ms  will  admit  of  other  truncations,  giving  rise  to 
a  great  diversity  of  figures.    A  view  of  these  truncations, 
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conveying,  of  - course,  a  general,  idea  of  the  system  of 
Rome  de  L'Isle,  is  given  Plate  I.  Fig.  1.  represents  a 
cube:  Fig.  2.  a  cube  truncated  on  the  angles  :  Fig.  3.  a 
cube  truncated  on  the  edges  :  Fig.  4.  a  cube  truncated 
in  the  direction  parallel  to  one  of  the  faces.  It  is  obvious 
that  this  may  be  carried  farther,  so  as  to  give  rise  to  other 
figures.  The  last,  for  example,  may  be  truncated  on  its 
edges  or  angles,  and  other  varieties  may  arise  from  these 
being  combined,  as  from  truncations  both  of  the  angles 
and  edges  at  the  same  time  *. 

In  this  manner  De  L'Isle  prosecuted  the  modifications 
of  what  he  conceived  to  be  the  more  simple  forms,  shew- 
ed how  these  might  give  rise  to  immense  varieties  of 
crystalline  figures,  and  traced  them,  by  easy  gradations, 
from  the  primitive  figure  to  others  so  remote  as  scarcely 
to  appear  to  be  allied  to  it.  The  forms  which  he  regard- 
ed as  primitive  are  the  tetraedron,  the  cube,  the  rectangu- 
lar octaedron,  the  rhomboidal  parallelopipedon,  the  rhom- 
boidal  octaedron,  and  the  dodecaedron  with  triangular 
faces  f . 

The  primitive  forms  which  Rome  de  L'Isle  had  as- 
sumed, were,  however,  altogether  arbitrary,  and  were  se- 
lected merely  from  their  supposed  simplicity.  Nor  were 
the  truncations  less  hypothetical,  by  which  the  transitions 
of  these  into  secondary  forms  were  explained.  Haiiy, 
by  a  happy  discovery,  has  substituted  demonstration  for 
hypothesis;  he  has  detected  the  primitive  form  by  me- 
chanical analysis,  and  has  established  a  real  instead  of  an 


*  Tab.  Crystallograph. 

t  Crystallographic,  torn.  i.  p.  74. 
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arbitrary,  though  descriptive  system  of  crystallography. 
I  sliall  give  an  abstract  from  his  Treatise  on  Mineralogy 
of  this  important  system. 

Gahn  had  observed,  that  in  breaking  a  pyramidal  crys- 
tal of  carbonate  of  lime,  it  afforded  rhomboidal  frag- 
ments, of  which  it  appeared  to  be  entirely  formed.  Berg- 
man from  this  conceived  the  idea,  that  in  every  crys- 
tal there  exists  a  primitive  form,  from  which  the  actual 
forms,  having  often  no  resemblance  to  it,  may  be  gene- 
rated, by  the  superposition  of  decreasing  laminae  ;  and 
that,  by  the  mechanical  division  of  crystals,  according  to 
those  joinings  which  yield  with  most  facility  to  a  mecha- 
nical force,  this  form  may  be  detected,  and  the  laws  by 
which  it  gives  rise  to  the  different  crystals  determined  *. 
This  is  the  basis  of  the  system  of  Haiiy.  He  demon- 
strated what  Bergman  had  scarcely  more  than  imagined. 
He  discovered  the  particular  laws  of  decrements  which 
are  observed,  shewed  how  from  these  all  the  secondary 
forms  may  be  derived,  and  how  the  primitive  form  may 
be  detected,  either  by  calculation  or  mechanical  divi- 
sion. 

The  fact  which  led  to  these  views  is,  that  crystals  can 
be  mechanically  divided  only  in  certain  divisions,  so  as 
to  afford  smooth  surfaces, — a  fact  long  known  to  those 
who  work  on  the  gems.  Suppose  we  have  a  crystal  of 
calcareous  spar,  a  regular  hexaedral  prism,  represented  in 
Plate  I.  fig.  5.  and  6.  f ,  if  we  endeavour  to  divide  it  pa- 


*  Physical  and  Chemical  Essays,  vol.  ii.  p.  1. 
f  In  these  and  the  other  plates  representing  the  crystalline 
form?,  the  entire  lines  represent  the  edges  or  outlines  of  that 
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rallel  to  the  edges,  which  form  the  outlines  of  the  basis 
of  the  prism,  we  shall  find  that  three  of  these  edges,  ta- 
ken alternately  at  the  upper  extremity,  the  edges  //,  d  c, 
b  my  readily  yield  to  this  division,  by  a  knife  struck  in  the 
proper  direction-,  but  that  the  other  three,  those  which 
are  intermediate,  fdycb,  and  t/t  /,  cannot  be  divided  in  a 
similar  manner  ;  and  if  broken  by  a  greater  force,  the 
fracture,  instead  of  being  polished  like  the  others,  is  rug- 
ged and  uneven.  If  we  repeat  the  experiment  at  the 
under  extremity  of  the  prism,  we  shall  find  here  also, 
that  segments  of  three  only  of  the  edges  can  be  detached; 
but  these  edges,  instead  of  being  the  corresponding  ones 
with  those  divisible  at  the  upper  extremity,  that  is,  //,  cdt 
h  w,  are  the  intermediate  ones,  f  d,  c  by  and  in  I. 

The  six  divisions  expose  so  many  trapeziums.  Three 
of  these  are  represented  in  fig.  6.,  namely,  the  two  which 
cut  off  the  edges  If^cdy  represented  by  the  dotted  lines 
J)  0  0,  and  a  a,  k  and  that  which  cuts  off  the  inferior 
edge,  d,f)  and  which  is  marked  by  the  dotted  lines  n  ti,  i  i. 

Each  of  these  trapeziums  will  have  a  smoothness  and 
lustre,  from  which  it  can  be  perceived  that  it  coincides 
with  one  of  the  natural  joinings,  the  assemblage  of  which 
forms  the  prism.  The  prism  cannot  be  divided  in  any 
other  directions  than  these.  But  if  the  division  be  con- 
tinued parallel  to  the  first  segments,  it  necessarily  happens, 
that  on  one  hand  the  surfaces  of  the  basis  of  the  prism 
become  narrower,  and  that,  on  the  other  hand,  the  heights 


part  of  the  solid  immediately  presented  to  view,  and  the  dot- 
ted lines  those  situated  in  the  opposite  part,  which  of  eourse 
are  vibible  only  in  supposing  the  solid  diaphanous. 
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of  the  sides  diminish ;  and  at  the  point  at  which,  continu- 
ing the  sections,  the  bases  disappear,  the  prism  will  be 
changed  into  a  dodecaedron  with  pentagonal  faces  (fig.  7.), 
six  of  which,  o  o  i  O  e,  o  I  k  i  i,  Sec.  are  the  remains  of  the 
sides  of  the  prism,  and  the  other  six,  E  A  I  o  <?,  O  A,  K 
i  i.  Sec.  are  the  immediate  results  of  the  mechanical  divi- 
sion *. 

Beyond  this  point,  the  planes  at  the  extremities  preserve 
their  figure  and  dimensions,  while  the  lateral  planes  con- 
tinue  to  diminish  in  height,  until  the  points  k  of  the 
pentagon  ol  k  i  i  coinciding  with  the  points  z,  »,  and  also 
the  other  points  similarly  situated,  having  a  like  coinci- 
dence, each  pentagon  is  reduced  to  a  simple  triangle,  as  is 
represented  in  fig.  8. 

Lastly,  by  continuing  the  sections,  the  triangles  are  made 
to  disappear,  so  that  there  remains  no  vestige  of  the  sur- 
face of  the  original  prism  j  but,  in  place  of  it,  we  have  the 
obtuse  rhomboid  E  A  I  O,  (fig.  9.),  which  is  therefore  the 
nucleus,  or  primitive  form  f. 

This  discovery  of  the  method  of  dividing  a  crystal  was 
made  by  Haiiy,  in  examining  a  crystal  of  calcareous  spar, 
which  had  been  detached  from  a  group  of  which  it  formed 
a  part.  He  observed,  that  the  fracture  had  happened  at 
one  of  the  edges  of  the  base  of  the  prism,  and  that  its  sur- 
face  was  perfectly  smooth  and  regular.  Attempting  to 
detach  a  segment  in  a  similar  direction  from  the  conti- 


*  In  this  and  the  two  succeeding  figures,  tlie  hexaedral  prism 
'  which  circumscribes  the  solid,  extracted  from  it  in  the  division, 
is  still  represented,  to  shew  better  the  progress  of  tlie  operation, 
f  Traiie  de  Mineralogie,  torn.  i.  p.  21. 
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guous  edge,  he  could  not  succeed,  but  the  one  next  to  it 
was  easily  divided ;  and  proceeding  in  this  manner,  he  was ' 
able  to  effect  the  mechanical  division  of  the  crystal  in  the 
manner  already  explained.  Struck  with  the  important  re- 
sult of  the  experiment,  he  applied  the  same  method  to 
other  crystalline  forms  of  the  same  substance,  and  obtain- 
ed from  them  the  same  result ;  the  crystal,  whatever  was 
its  figure,  being  by  this  mechanical  division  converted  into 
a  rhomb.   Thus,  in  the  dodecaedron  composed  of  two  six 
sided  pyramids,  joined  by  the  base,  the  primitive  form 
may  be  obtained  at  once,  by  making  a  first  section  on  the 
edges  E  O,  O  I,  fig.  10.;  a  second  on  the  edges  I  K,  G  K; 
a  third  on  G  H,  E  H ;  a  fourth  on  O  I,  I  K  ;  a  fifth  on 
G  K,  G  H  j  and,  lastly,  a  sixth  on  E  H,  E  O  ;  and  the 
result  is,  that  these  edges  become  the  same  with  the  la- 
teral edges  of  the  primitive  form,  as  may  be  perceived 
from  mere  inspection  of  fig.  11.,  which  represents  this 
primitive  form  inscribed  in  the  dodecaedron.    He  then 
applied  it  to  other  crystalline  substances,  and  found,  that 
from  these  also,  by  discovering  the  joints  by  which  the 
laminse  composing  the  crystals  are  united,  a  certain  pri- 
mitive form  might  be  extracted.   That  of  fluor  spar  is  an 
octaedron ;  that  of  the  heavy  spar  a  prism  with  rhomboidal 
bases  ;  of  corundum  a  rhomboid  somewhat  acute  ;  of  beryl 
a  hexaedral  prism;  and  of  the  Elba  iron-ore  a  cube.  Each 
of  these  forms  Is  constant  with  regard  to  the  species,  and 
is  that  from -which  all  the  forms  of  the"  varieties,  often 
extremely  numerous,  are  derived.    The  latter  are  deno- 
minated by  Haiiy  secondary  forms.    Sometimes,  though 
rarely,  the  primitive  and  secondary  forms  are  the  same. 
It  is  not  every  crystallized  substance,  however,  that 
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admits  of  this  mechanical  analysis.  But  with  regard  to 
those  which  have  hitherto  refused  it,  Haliy  has  remarked, 
that  their  surface  striated  in  a  certain  direction,  or  the  re- 
lation subsisting  among  the  different  secondary  forms  of 
the  same  substance,  afford  indications  which  lead  to  the 
determination,  with  at  least  much  probability,  of  their 
primitive  forms. 

Such  is  the  process  by  which  Haiiy  establishes  what  he 
names  the  Primitive  Form  of  Crystals,  and  which  he  de- 
fines, "  A  solid  of  a  constant  form,  inserted  symmetrically 
•*  in  all  the  crystals  of  the  same  species,  and  the  faces  of 
**  which  observe  the  directions  of  the  layers  which  com- 
"  pose  these  crystals."  The  primitive  forms  hitherto  ob- 
served are  reducible  to  six  : — the  parellelopipedon,  which 
includes  the  cube,  the  rhomb,  and  all  the  solids  which 
are  terminated  by  six  faces,  parallel  two  and  two;  the 
tetraedron  ;  the  octaedron  ;  the  regular  hexaedral  prism ; 
the  dodecaedron,  with  equal  and  similar  rhomboidal 
planes,  and  the  dodecaedron  with  triangular  planes. 

Haiiy  carries  the  division  of  crystals  still  farther,  how- 
ever, than  the  primitive  forms.  The  solid  which  consti- 
tutes it,  is  not  the  last  term  of  the  mechanical  analysis ; 
it  may  always  be  still  farther  subdivided,  parallel  to  its 
different  faces,  and  sometimes  even  in  other  directions. 
All  the  enveloping  matter  is  equally  divisible,  by  sections 
parallel  to  the  faces  of  the  primitive  form ;  and  the  only 
limit  to  this  possible  division,  is  that  placed  by  the  com- 
position of  the  substance.  The  calcareous  spar,  to  take 
it  as  an  example,  may  be  reduced  to  a  particle,  beyond 
which  the  division  cannot  be  carried,  without  resolving  it 
into  its  elements,  lime  and  carbonic  acid ;  or,  at  least,  it 
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may  be  reduced  to  a  particle,  beyond  which,  if  its  minute-' 
ness  allowed  us  to  operate  upon  it,  it  is  demonstrable  its 
figure  would  not  change.  To  these  last  particles,  the  re-, 
suit  of  the  mechanical  analysis,  Haiiy  gives  the  name  of 
integrant  particlesy  and  their  union  constitutes  the  crystaL 
Their  forms,  so  far  as  experiment  has  been  carried,  are 
three  :  the  tetraedron,  the  simplest  of  pyramids  ;  the 
triangular  prism,  the  simplest  of  prisms  ;  and  the  pa- 
rallelopipedon,  the  simplest  of  solids  which  have  their 
faces  parallel  two  and  two.  There  can  be  little  doubt, 
that  it  is  between  these  that  the  attraction  of  cohesion  is 
immediately  exerted. 

The  primitive  forms  and  the  figures  of  the  integrant 
particles  being  determined,  it  remains,  to  complete  the 
theory  of  the  structure  of  crystals,  to  shew  by  what  ar- 
rangements the  secondary  forms,  in  other  words,  the 
actually  existing  crystals,  are  produced. 

The  nucleus  of  the  crystal  is  the  symmetrical  solid 
which  constitutes  its  primitive  form,  arising  from  the 
union  of  the  integrant  particles,  either  by  their  faces  or 
their  edges  j  and  the  additional  matter  which  forms  the 
crystal  consists  of  layers  of  these  particles,  superadded  to 
that  nucleus,  and  arranged  on  its  faces  ;  and  to  account 
for  the  formation  of  the  crystal  under  a  figure  different 
from  that  pf  its  primitive  form,  these  layers,  as  they  re- 
cede from  it,  are  supposed  to  decrease  in  the  space  they 
occupy,  from  the  regular  abstraction  of  one  or  more 
ranges  of  the  integrant  particles.  This  decrease  may 
take  place  in  Various  modes ;  and  according  to  these, 
different  figures  of  crystallization  will  be  produced. 

Thus,  to  take  the  simplest  example,  let  it  be  suppS^y. 
Vol.  I.  D 
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that  the  primitive  form  is  a  cube ;  it  is  easy  to  conceive, 
that  on  each  of  its  six  sides  niay  be  reared  a  series  of  de- 
creasing layers  or  lamime,  composed  entirely  of  cubical 
particles,  each  layer  diminishing  on  each  of  its  edges  by 
one  row  of  the  minute  cubes  of  which  it  consists.  The 
laminx  thus  decreasing  as  they  recede  from  the  base  on 
which  they  rest,  until  the  apex  consists  of  a  single  par- 
ticle, it  is  obvious,  that  on  each  side  of  the  cube  a  four- 
sided  pyramid  will  be  formed.  Two  of  these  are  repre- 
sented, (fig.  12.),,  A  BCD,  EEC  G. 

We  shall  thus  have,  then,  six  four-sided  pyramids, 
and  of  course  twenty-four  triangles,  such  as  ABC, 
BCE,  C  E  G,  &c.  But  since  the  decrease  is  uniform 
on  all  the  sides>  as  from  the  line  B  C  to  A,  and  frorri  the 
same  line  to  E,  it  must  also  be  uniform  from  A  to  E  5  it 
is  obvious,  therefore,  that  the  side  A  B  C  of  the  one 
pyramid  will  be  found  exactly  in  the  same  plane  as  the 
side  BCE  of  the  adjacent  pyramid;  so  that  the  entire 
surface  of  these  v/ill  be  the  rhomb  A  B  E  C.  The  case 
must  be  the  same  with  all  the  others  ;  the  tv/enty-four 
triangles  will  therefore  be  reduced  to  twelve  rhombs, 
and  the  figure  will  be  a  dodecaedron,  very  remote  from 
the  primitive  form.  Now,  a  crystal  of  this  figure,  and 
having  this  primitive  form,  would  be  resolved  into  that 
form,  merely  by  cutting  off  the  six  solid  angles  by  sec- 
tions in  the  direction  of  the  small  diagonals  of  the  sides 
which  go  to  the  formation  of  these  angles.  We  should 
thus  successively  uncover  six  squares,  which  will  be  the 
faces  of  the  primitive  cube. 

In  explaining  this  structure  of  a  crystal,  although  the 
representation  in  the  figure  be  such  as  to  shew  the  de- 
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crease  of  the  laminse,  by  rows  of  particles  of  such  a  size; 
as  to  give  a  surface  uneven,  similar  to  a  succession  of 
steps,  it  is  obvious,  that  if  we  Substitute  for  this  the  deli- 
cate structure  of  nature,  the  number  of  laminre  may  be 
so  great,  and  the  minuteness  of  their  cubical  particles 
suchj  that  the  depressions  or  channels  at  their  edges  will 
be  altogether  imperceptible  to  our  senses,  and  the  surfaces 
will  appear  perfect  planes. 

Such  is  an  example  of  the  production  of  a  secondary 
from  a  primitive  fornix  by  superposition  of  laminre,  de- 
creasing according  to  a  certain  law'.  It  is  obvious,  that 
the  laws  of  decrement  may  be  various,  and  accordingly 
the  decrements  stated  by  Haiiy  are  of  four  different  kinds: 
First,  Decrements  on  the  edges,  or  parallel  to  the  sides  of 
the  primitive  form,  of  which  the  above  is  an  example. 
2d,  Decrements  on  the  angles,  that  is,  decrements  of 
which  the  lines  are  parallel  to  the  diagonals  of  the  faces 
of-the  primitive  form.  3d,  Intermediate  decrements,  or 
those  which  are  parallel  to  lines  situated  between  the  dia- 
gonals and  edges  of  that  form.  4th,  Mixed  decrements, 
in  which  the  number  of  ranges,  abstracted  in  breadth  or 
in  height,  give  proportions,  the  two  terms  of  which  are 
beyond  unity. 

These  four  laws  of  decrements,  explain,  by  the  modifi- 
cations of  which  they  are  susceptible,  the  structure  of  all 
the  varieties  of  form  under  which  crystals  are  presented 
to  us.  These  modifica^ons  are  reduced  to  the  following. 
1  st.  Sometimes  the  decrements  take  place  on  all  the  edgesjr 
or  on  all  the  angles.  2d,  Sometimes  on  certain  edges  or 
certain  angles  only.  3d,  Sometimes  they  are  uniform, 
by  one,  two,  three  ranges  or  more,    -ith,  Sometimes  the 
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law  varies  from  one  edge  to  another,  or  from  one  angle 
to  another.  5th,  In  some  cases  the  decrements  on  the 
edges  correspond  with  the  decrements  on  the  angles. 
6th,  Sometimes  the  same  edge  or  the  same  angle  under- 
goes successively  several  laws  of  decrement.  And,  lastly, 
there  are  cases  in  which  the  secondary  crystal  has  faces 
parallel  to  those  of  the  primitive  form,  and  which  give 
rise  to  new  modificati()ns,  from  their  combinations  v/ith 
the  faces  resulting  from  the  decrements. 

With  such  diversity  of  laws,  the  number  of  forms  that 
may  exist  is  immense,  and  far  exceeds  what  have  been  ob- 
served. Confining  the  calculation  to  two  of  the  simplest 
laws,  those  which  produce  subtractions  by  one  or  two 
ranges,  it  is  shewn,  that  carbonate  of  lime  is  susceptible 
of  SOI"!!  different  forms, — a  number  fifty  times  greater 
than  that  of  the  forms  already  known  ;  and  if  decrements 
by  three  and  four  ranges  be  admitted  into  the  combina- 
tion, the  calculation  will  give  8,388, GOi  possible  forms 
of  the  same  substance.  And  even  this  number  may  be 
much  augmented,  in  consequence  either  of  intermediate 
or  mixed  decrements  being  taken  into  account. 

To  give  a  proper  view  of  the  applications  of  these  laws 
of  decrements  would  require  a  statement  altogether  in- 
consistent with  the  nature  of  this  work,  and  the  system 
must  indeed  be  best  studied  in  all  its  details.  Having 
given  a  general  outline  of  the  theory,  I  must  refer  for 
these  details  to  Haliy,  Traiie  de  Mineralogie,  torn.  i.  ii. 
A  full  abstract  of  it  is  also  given  by  the  author  in  the 
Annales  de  Chimie,  t.  xvii.,  of  which  there  is  a  translation 
in  the  first  volume  of  the  Philosophical  Magazine  ;  and 
it  is  developed  in  an  excellent  statement  of  it  by  Abbe 
Buce  in  Nicholson's  Journal,  vol.  ix. 
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In  concluding  this  sketch  of  crystallography,  I  have  sup- 
posed it  might  be  useful  to  give  figures  of  the  more  usual 
forms  of  crystals,  and  the  modifications  .to  which  they 
are  subject,  w-^hich  wiW  frequently  be  referred  to  in  the 
progress  of  the  v^ork,  and  particularly  in  the  mineralogi- 
cal  part  of  it.  And  as  the  minute  details  of  Haliy  would 
be  misplaced  in  a  work  of  this  kind,  I  have  given  the 
terms  and  definitions  which  are  employed  by  Werner,  as 
these  are  much  less  remote  from  those  that  have  hitherto 
been  in  established  use. 

It  is  necessary  to  premise,  that  the  parts  of  which  a 
crystal  is  conceived  to  be  composed,  are  planes,  edges, 
and  angles.  Planes,  according  to  the  usual  geometrical 
definition,  are  surfaces  lying  evenly  between  their  bound- 
ing lines :  they  are  distinguished  into  lateral,  which  are 
considered  as  those  parts  of  the  surface  of  the  body  which 
are  of  greatest  extent,  and  which  form  its  confines  towards 
its  smallest  extent ;  and  extreme  or  terminal,  which  are 
those  of  smallest  extent,  and  form  the  bounds  of  the 
body  towards  its  largest  extent.  Edges  are  formed  by 
the  junction  of  two  planes  under  determinate  angles; 
they  also  are  lateral,  or  those  formed  by  the  junction  of 
two  lateral  planes  ;  and  terminal,  formed  by  the  junction 
of  two  terminal  planes,  or  of  a  terminal  with  a  lateral 
plane.  Lastly,  angles  are  formed  by  the  junction  of  three 
or  more  planes  in  one  point. 

Werner  admits  seven  primary  figures  of  crystals,  which 
are  susceptible  of  numerous  modifications.  These  figures 
are,  the  icosaedron,  the  dodecaedron,  the  hexaedron 
which  includes  the  cube  and  the  rhomb,  the  prism,  the 
pyramid,  the  table,  and  the  lens : 
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Istf  The  icosacdron,  Plate  II.  fig.  13.,  a  solid,  consist- 
in,g  of  twenty  equilateral  triangular  planes,  united  under 
equal  angles  :  2d,  The  dodecaedron,  fig.  14.,  or  solid,  of 
twelve  equal  and  regular  pentagonal  faces:  3d,  The  cube, 
fig.  15.,  or  solid,  composed  of  six  quadrilateral  planes, 
united  at  right  angles:  ith,  The  rhomb,  fig.  16.  or  solid 
of  six  quadrilateral  planes,  united  at  oblique  angles : 
5th,  The  prism,  or  solid  of  two  terminal  planes  pa- 
rallel, equal  and  similar,  connected  by  quadrangular 
lateral  planes,  having  one  direction  ;  the  number  of 
lateral  planes  may  of  course  be  various ;  the  usual 
forms  observed  in  crystals  are  the  four-sided  rectangu- 
lar prism,  fig.  17.  ;  the  four-sided  rhomboidal  or  oblique 
angular  prism,  fig.  18. ;  and  the  six-sided  equiangular 
prism,  fig.  19.  :  6th,  The  pyramid,  a  solid,  the  base  of 
which  is  a  plane  of  an  indeterminate  number  of  sides, 
and  the  sides  triangles,  the  vertices  of  which  meet  in  one 
point,  forming  the  summit :  the  more  common  varieties 
of  this  figure,  as  forms  of  crystals,  are  the  three-sided 
pyramid,  or  tetraedron,  fig.  20.  Plate  III.,  and  the  four- 
sided  pyramid,  fig.  21  :  7th,  The  table,  which,  strictly 
speaking,  is  nothing  but  a  very  compressed  prism  ;  it  is 
defined  as  composed  of  two  parallel'  lateral  planes,'  and 
of  an  indeterminate  number  of  terminal  planes,  connect- 
ed with  the  lateral  planes  and  with  each  other,  and  small 
compared  with  the  lateral  ones  i  the  principal  varieties 
are  the  oblique-angular  or  rhomboidal  four-sided  table, 
fig.  22.,  the  rectangular  four-sided  table,  fig.  23„  and  the 
six-sided  table,  fig.  24-:  Lastly,  The  lens,  fig.  25.,  a  solid, 
consisting  of  only  two  planes,  which  are  curved  j  of  which 
there  are  two  varieties,  one  composed  of  two  convex 
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planes,  and  another  composed  of  a  convex  and  a  concave 
plane. 

These  simple  figures  are  modified  by  combination,  by 
truncation,  by  bevelment,  and  by  acumination. 

The  modifications  by  combination  are  confined  to  the 
pyramid,  and  these  are  frequent,  two  pyramids  being 
joined  by  the  base  ;  the  lateral  planes  of  the  one  being  set 
either  directly  on  the  lateral  planes  of  the  other,  as  in  the 
double  four-sided  pyramid,  or  octaedron,  fig.  26. ;  or  ob- 
liquely, as  in  the  double  four-sided  pyramid,  fig.  27.  Fig. 
28.  is  the  double  six-sided  pyramid. 

A  crystal  is  said  to  be  truncated,  when  any  or  all  of 
its  solid  angles  or  edges  appear  cut  off,  so  that  where 
there  would  have  been  an  edge  or  angle,  we  have  a  plane, 
as  has  already  been  represented  in  fig.  2.  and  3.  These 
two  figures  represent  forais  arising  from  the  truncatioa 
of  the  cube.  Fig.  29.  PI.  IV.  shews  the  cube  with  both 
the  angles  and  edges  truncated  :  Fig.  30.,  the  six-sided 
prism,  with  truncated  terminal  edges  :  Fig.  31.  the  same 
prism,  with  both  the  lateral  and  terminal  edges  truncated. 

A  crystal  is  said  to  be  bevelled,  when  its  edges,  an- 
gles, or  terminal  planes  are  so  altered,  that  instead  of  an 
angle,  edge,  or  terminal  plane,  there  appear  two  smaller 
converging  planes,  which  terminate  in  an  edge.  Fig.  32. 
shews  the  cube  with  bevelled  edges :  Fig.  33.  the  three- 
eided  pyramid,  with  bevelled  edges :  Fig.  34.  the  oblique 
four-sided  prism,  bevelled  on  both  extremities. 

Lastly,  The  forms  of  crystals  are  altered  by  acumina- 
tion. This  is  that  kind  of  alteration,  in  which,  in  place 
of  the  angles,  or  terminal  planes  of  a  crystal,  there  ars 
three  or  more  planes'  converging,  and  forming  a  point  or 
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edge  :  Fig.  35.  shews  the  cube,  with  the  angles  acumi- 
nated by  three  planes,  set  on  the  lateral  planes :  Fig.  36. 
the  rectangular  four-sided  prism,  acuminated  by  four 
planes,  set  on  the  lateral  planes :  Fig.  37.  the  six-sided 
prism,  acuminated  by  six  planes,  set  on  the  lateral  planes. 
This  kind  of  modification  used  to  be  described  as  con- 
sisting of  the  primary  form,  with  pyramidal  termina- 
tions. 

The  forms  of  crystals  from  the  preceding  modifica- 
tions, are  frequently  still  more  altered,  and  rendered 
complicated,  by  being  superadded  or  combined ;  and  by 
the  extent  of  the  modifications,  one  form  frequently 
passes  into  the  other.  The  figures  of  crystals  are  like- 
wise rendered  complicated  by  aggregation,  two  or  more 
crystals  of  the  same  substance  being  more  or  less  closely 
united,  of  which  aggregation  there  are  several  varieties, 
producing  even  various  external  forms — For  the  more 
minute  details  on  this  subject,  particularly  as  related  to 
mineralogy,  I  must,  however,  refer  to  the  translation 
by  Mr  Weaver,  of  the  External  Characters  of  Minerals 
by  Werner,  or  the  Treatise  on  the  same  subject  by  Pro- 
fessor Jameson. 
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CHAP.  II. 

t)F  CHEMICAL  ATTKACTION  OR  AFFINITY. 

W  E  are  indebted  to  Newton  for  the  first  just  views  of 
the  nature  and  extensive  agency  of  this  power.  Having 
remarked,  that  besides  those  attractions  which  extend  to 
sensible  distances,  "  there  may  be  others  which  reach  to 
"  so  small  distances,  as  hitherto  escape  observation  he 
reviewed,  in  the  31st  Query,  at  the  end  of  his  Treatise 
on  Optics,  and  in  some  other  parts  of  his  works  *,  a 
number  of  chemical  phenomena,  and  considered  them  as 
arising  from  an  attraction  of  this  kind.  When  one  body 
combines  with  another,  he  supposes  this  to  arise  from  an 
attraction  exerted  from  the  particles  of  the  one  to  those 
of  the  other  j  when  they  refuse  to  unite,  it  is  because  no 
such  attraction  exists ;  those  which  act  with  most  energy 
are  those,  as  he  supposes,  possessed  of  the  strongest  at- 
traction •,  and  when  a  compound  is  decomposed  by  the 
agency  of  another  body,  this  he  regards  as  owing  to  an 
attraction  having  been  exerted  by  that  body  to  one  of  the 
principles  of  the  compound,  superior  in  force  to  the  at- 
traction which  existed  between  them. 

Geoffroy  the  elder,  conceived  the  idea  of  ascertaining 
the  relative  forces  of  affinity  among  different  substances, 
by  observing  the  order  of  the  decompositions  they  were 

*  Letter  to  Mr  Boyle  on  tlie  Cause  of  Gravitation,  and 
Observations  on  the  Nature  of  Acids. 
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capable  of  producing.  Pursuing  the  patli  which  he  had 
pointed  out,  succeeding  chemists  were  occupied  in  ob- 
serving these  forces,  as  exerted  by  the  principal  chemical 
agents.  The  observations  which  had  thus  accumulated, 
were  ably  reviewed  and  corrected  by  Bergman.  And  Kir- 
wan  and  Guyton  added  some  important  observations  on 
the  more  obscure  parts  of  the  theory  of  chemical  attrac- 
tion. 

Bergman's  views  were  received  with  little  subsequent 
modification,  and  nearly  the  whole  system  of  modern  che- 
mistry rested  upon  them.  But  the  late  researches  of  Ber- 
thoUet  have  exhibited  the  subject  under  very  different  a- 
spects ;  equally  profound  and  original,  they  will  probably 
have  a  permanent  influence  on  the  theories  of  chemical 
phenomena ;  and  in  consequence  of  them,  it  has  become 
necessary  to  alter  materially  the  statement  of  the  general 
doctrines  of  chemical  attraction.  Without  attempting  to 
enumerate  its  laws,  which  I  believe  cannot  yet  be  esta- 
bUshed  with  precision,  I  have  endeavoured  to  deliver  the 
theory  of  affinities  under  the  following  general  divisions. 
In  the  first,  I  have  premised  a  few  necessary  definitions 
relative  to  attraction  and  its  results.  Under  the  second, 
I  have  taken  a  general  view  of  the  phenomena  to  which  it 
gives  rise.  In  the  third  is  considered  the  operation  of 
those  circumstances  by  which  its  exertion  is  influenced, 
and  its  effects  modified.  In  the  fourth  I  have  brought 
under  view  the  modifications  of  affinities,  resultuig  from 
combination.  The  fifth  is  devoted  to  the  considera- 
tion of  the  limits  which  aflinity  observes.  And  under  the 
sixth  are  placed  the  details  which  rehte  to  tlic  forces  with 
which  it  is  exerted.    Under  these  divisions  every  thing 
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relating  to, chemical  affinity  may  be  systematically  arran- 
ged ;  and  in  a  note,  I  have  added  those  more  minute  de- 
tails and  illustrations,  particularly  in  what  relates  to  Ber- 
thollet's  speculations,  which  could  not  well  be  admitted 
into  the  text. 


SECT,  k — Dejiiiitions  relative  to  Chankal  Attraction,  and  its 

Results. 

Chemical  Attraction  may  be  defined,  That  force  by 
which  the  particles  of  heterogeneous  bodies,  when  brought 
into  apparent  contact,  are  unitedintimately,  andretained  in 
a  state  of  union,  forming  not  a  mere  aggregate  or  mixture, 
but  a  new  substance,  in  which  the  properties  of  the  par- 
ticles combined  are  more  or  less  changed.    It  is  distin- 
guished from  Gravitation  by  not  operating  on  masses  of 
matter,  nor  at  sensible  distances,  but  by  being  confined  in 
its  action  to  the  minute  particles  of  matter  :  from  Cohe- 
sion, by  being  exerted  always  between  particles  of  differ- 
ent kinds,  and  forming  generally  substances  with  new 
properties.    The  term  Affinity  has  also  been  introduced, 
to  denote  this  power,  from  an  hypothesis  once  maintain- 
ed, that  some  concealed  resemblance  otcohnection  exist- 
ed between  those  bodies  most  disposed  to  unite.  For  this 
hypothesis  there  Is  nO  foundation,  but  the  term  affinity  is 
convenient,  as  opposed  to  that  of  Gravitation,  and  as  de- 
noting the  attraction  exerted  between  the  insensible  par- 
ticles of  matter.    Hence  it  has  been  retained. 

This  force  appears  to  be  elective,  or  it  is  not  exerted 
indifferently  by  any  body  towards  every  other.  Between 
many  substances  no  mutual  chemical  attraction  is  appar- 
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ent,  or  their  particles  cannot  be  brought  into  intimate 
union.  It  is  uncertain,  however,  whether  this  is  owing 
to  their  not  having  a  mutual  attraction,  or  whether  it 
may  not  be  ascribed  to  the  predominance  of  circum- 
stances by  which  this  attraction  is  counteracted.  By  each 
body,  too,  it  is  exerted  towards  a  series  of  others,  with 
different  degrees  of  force ;  and  with  regard  to  this  also, 
there  is  reason  to  believe,  that  much  of  the  difference  is 
owing,  not  to  real  differences  in  the  intensities  of  affinity, 
but  to  the  operation  of  modifying  circumstances. 

The  result  of  the  exertion  of  chemical  attraction  be- 
tween two  bodies,  is  their  intimate  union,  or  assimilation 
into  one  substance,  in  which  neither  of  them  can  be  re- 
cognised, nor  can  they  be  separated  from  each  other  by 
any  mechanical  force.  This  operation  is  denoted  in  che- 
mistry by  the  term  Combination.  If  we  pour  a  quantity 
of  water  on  common  salt,  the  particles  of  thetsalt,  though 
heavier  than  the  water,  will  be  gradually  attracted  by  it, 
and  uniformly  diffused  through  it,  nor  can  they  be  again 
separated  but  by  chemical  agency.  If  we  mix  together 
a  little  lime  and  sulphur,  and  expose  them  to  heat,  a  sub- 
stance will  be  formed  in  which  the  two  ingredients  are 
intimately  blended,  and  the  properties  of  which  are  total- 
ly dissimilar  to  those  either  of  the  sulphur  or  the  lime. 
In  both  these  examples,  an  affinity  has  been  exerted  be- 
tween the  substances  concerned,  and  they  have  combined 
together. 

Chemical  combination,  then,  is  that  case  where  two 
or  more  different  bodies  are  united  together,  in  such  a 
manner  that  they  do  not  spontaneously  separate,  and  can- 
not even  be  separated  by  any  mechanical  force.    So  in- 
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timately  are  the  particles  of  the  bodies  which  have  com- 
bined, blended  together,  that  if  the  smallest  portion  of 
the  substance  they  have  formed  be  examined,  it  will  be 
found  to  consist  of  the  same  principles  united  in  the  same 
relative  proportions  as  the  general  mass  ;  and  by  this  m- 
timate  union,  the  properties  of  both  are  altered,  and  new 
properties  acquired. 

Combination  is  to  be  distinguished  from  mlxturey  in 
which  dissimilar  particles  are  blended  together,  more  or 
less  intimately,  but  without  being  united  by  any  attrac- 
tion,— in  which,  therefore,  no  new  qualities  are  acquir- 
ed,— in  which  the  difference  of  parts  is  easily  discovered, 
and  these  parts  are  capable  of  being  separated  by  mecha- 
nical means.  It  is  also  to  be  distinguished  from  aggrega- 
tion,  which  is  merely  the  union  of  particles  of  the  same 
kind  of  matter,  forming  an  aggregate,  uniform  in  compo- 
sition, but  possessing  all  the  properties  of  the  particles 
of  which  it  is  composed. 

The  substance  resulting  from  a  chemical  combination 
is  denominated  a  Compound.  The  substances  existing 
in  it,  or  forming  it,  are  named  its  Component  or  Consti- 
tuent Parts.  When  these  are  again  separated  from  their 
union,  the  process  is  named,  in  chemical  language,  De- 
composition.  When  decomposition  is  effected  with  the 
view  of  discovering  the  constituent  principles  of  a  com- 
pound, it  is  named  Analysis.  This  may  be  of  two 
kinds,  either  as  effected  by  the  application  of  heat,  or  by 
the  intervention  of  a  superior  affmity. 

Thus  it  frequently  happens,  that  when  a  compound  is 
exposed  to  a  high  temperature,  the  force  of  attraction  ex-- 
isting  between  its  principles  is  weakened,  and  they  sc- 
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parate  ;  and  one  of  them,  being  in  general  more  volatile 
than  the  other,  is  expelled.  In  other  cases,  a  compound 
is  not  decomposed  by  the  most  Intense  heat :  but  if  it  be 
mixed  with  some  other  chemical  agent,  and  placed  under 
circumstances  favourable  to  the  exertion  of  chemical  at- 
traction, the  substance  mixed  with  it  may  combine  with 
one  of  its  component  parts,  when  of  course  the  com- 
pound will  be  decomposed,  and  from  the  products,  its 
constituent  principles  may  be  ascertained. 

These  are  examples  of  what  is  termed  Simple  or  True 
Analysis.  Complicated  or  false  analysis  is  that  where 
the  composition  of  the  compound  is  subverted,  and  its 
individual  existence  destroyed,  but  where,  from  the  com- 
binations of  its  principles  in  new  modes  and  proportions, 
it  is  impossible  to  reproduce  it  by  the  combination  of 
the  products  of  the  analysis. 

Synthesis  is  the  reverse  of  analysis.  It  is  merely  the 
reproduction  of  the  substance,  by  the  combination  of  the 
principles  which  the  analysis  discovered  to  be  its  consti- 
tuent parts ;  and,  when  it  can  be  eitected,  is  regarded  as 
the  surest  proof  of  the  accuracy  of  the  analysis.  When 
these  are  combined  in  the  investigation  of  the  chemical 
constitution  of  any  body,  they  give  all  the  evidence  which 
the  science  of  chemistry  can  afford. 

From  the  preceding  definitions,  it  is  obvious,  that  all 
the  varieties  of  matter,  must,  in  a  chemical  point  of  view, 
fall  to  be  considered  as  simple,  or  as  compound.  Either 
they  must  be  resolvable  into  two  or'  more  different  sub- 
stances, from  the  union  of  which  they  have  been  formed, 
and  in  this  case  their  composition  is  obvious,  and  they 
rank  as  compounds  5  or  they  must  be  incapable  of  such 
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an  analysis,  and  they  are  then  regarded  as  simple  or  ele- 
mentary. The  great  object  of  Chemistry  is  to  investi- 
gate the  constitution  of  bodies — to  determine  what  sub- 
stances are  simple,  what  compound  ;  to  trace  the  combi- 
nations into  which  the  former  are  capable  of  entering 
to  decompose  the  latter,  or  discover  of  what  constituent 
parts  they  are  formed. 

In  investigating  the  actions  exerted  between  the  mi- 
hute  particles  of  matter,  it  is  of  importance  to  distinguish 
between  them,  as  acted  on  by  the  force  of  aggregation, 
or  the  force  of  chemical  affinity,  and  to  facilitate  this, 
the  distinction  has  been  introduced  of  the  integrant  and 
constituent  particles  of  bodies.    The  constituent  or  com- 
ponent parts,  are  substances  differing  in  their  nature  from 
each  other,  and  from  the  substance  they  form.    The  in- 
tegrant prarts  are  precisely  similar  to  each  other,  and  to 
the  general  mass  which  is  composed  by  their  union ;  or 
they  are  merely  the  smallest  particles  into  which  a  sub- 
stance can  be  resolved  without  decomposition  ;  while  de- 
composition is  always  implied  in  the  division  of  a  body 
into  its  constituent  particles.    The  integrant  parts  are 
united  by  the  force  of  aggregation,  the  constituent  parts 
by  chemical  affinity.    It  is  evident  that  simple  bodies 
consist  entirely  of  integrant  parts,  all  their  particles  being 
alike.   Compounds,  again,  may  be  considered  as  consist- 
ing both  of  integrant  parts,  and  of  component  parts  or 
dissimilar  particles.  It  has  been  supposed,  that  when  an 
attraction  is  exerted  between  two  compound  substances. 
It  IS  between  their  integrant  parts,  not  their  constituent 
prmciples,  and  that  it  is  the  combination  of  the  former 
which  constitutes  the  substance  formed  by  their  union. 
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Berthollet,  on  the  contrary,  has  advanced  the  supposi- 
tion, that  an  attraction  exerted  between  two  compounds 
is  exerted  from  their  constituent  principles  or  elements, 
and  is  merely  the  sum  of  their  attractions,  modified  by 
the  state  in  which  they  exist  in  the  combination ;  an  opi- 
nion, the  probability  of  which  we  shall  afterwards  have 
to  examine. 


SECT.  II. — Of  the  General  Phenomena  u  hich  arise  from  the 
exertion  of  Chemical  Attraction. 

The  exertion  of  an  attraction  between  the  particles  of 
two  bodies,  is  followed  by  their  intimate  union  or  com- 
bination ;  and  the  most  common  and  also  the  most  im- 
portant consequence  of  such  a  combination,  is  a  change 
in  the  properties  of  the  bodies  combined. 

This  change  is  in  many  cases  striking  and  complete, 
or  the  compound  formed  is  totally  dissimilar  in  its  quali- 
ties to  either  of  the  substances  from  which  it  has  origi- 
nated.   The  taste,  smell,  colour,  form,  density,  and 
other  physical  qualities,  and  the  chemical  properties  of 
fusibility,  volatility,  solubility,  tendency  to  combination, 
and  order  of  attraction  in  the  compound,  bear  no  resem- 
blance to  the  same  properties  in  its  constituent  parts. 
We  cannot,  therefore,  from  our  knowledge  of  the  proper-' 
ties  of  any  body,  infer  with  certainty  what  wiil  be  the 
properties  of  the  compound  formed  by  its  union  with 
another. 

From  this  change  being  so  general,  it  has  been  establish- 
ed as  a  law  of  chemical  attraction,  and  it  is  one  perhaps 
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to  be  admitted  as  just,  that  tohen  chemical  coniblnatlon  has 
taken  placty  the  compound  which  is  formed  does  not  possess  pro- 
perties  merely  intermediate  between  those  of  its  component  parts , 
but  has  acquired  others  more  or  kss  new. 

This  law  of  chemical  attraction  is  of  vast  importance, 
since  it  is  from  it  that  the  properties  of  the  greater  num- 
ber of  material  bodies  are  derived.  Almost  all  the  pro- 
ductions of  nature  are  compounds  formed  from  the  union 
of  a  few  sinpple  substances  ;  and  the  numerous  properties 
they  possess,  adapting  them  to  so  many  purposes  of  utility, 
are  derived  from  this  source.  They  retain  not  the  pro- 
perties of  their  simple  elements,  for  these  must  be  com- 
paratively few,  but  derive  new  properties  from  the  ar- 
rangements into  which  their  principles  are  brought  when 
they  are  combined  together. 

In  consequence  of  this  law,  too,  chemical  action  fre- 
quently exhibits  very  striking  results  5  substances  being 
formed  or  evolved  in  our  experiments,  which  have  pro- 
perties totally  different  from  those  on  which  we  have  o- 
perated. 

Of  the  changes  which  happen  from  chemical  combina- 
tion, none  is  more  common  than  change  of  form,  or  of 
the  state  in  which  bodies  exist.  If  two  airs  are  combinedi 
together,  the  result  is  often  a  substance  in  the  fluid  or  so- 
lid state.  Two  fluids  united  may  form  a  solid  ;  and  wheri 
a  solid  is  combined  with  a  fluid,  the  compound  more  fre- 
quently exists  in  the  fluid  than  in  the  solid  form. 

This  last  case  is  indeed  so  general,  that  a  particular 
term  has  been  applied  to  it  in  chemical  language.  Com- 
bmation  is  the  general  term  expressive  of  the  union  of 
substances  from  the  exertion  of  mutual  attraction ;  and 
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the  particular  operation  in  which  a  solid  is  combined  with 
a  fluid,  so  that  the  fluid  form  is  retained  by  the  compound, 
has  been  denominated  Solution.  It  has  been  conceived, 
that  in  this  case  the  fluid  is  the  active  principle ;  it  is 
said  to  dissolve  the  solid  j  or  the  solid  is  spoken  of  as  dis- 
solved by  the  fluid,  or,  as  it  is  named,  the  solvent  or  men- 
struum. The  attraction,  however,  whence  the  combina- 
tion proceeds,  is  reciprocal ;  nor  perhaps  is  there  any  pro- 
priety in  the  distinction  of  this  from  other  cases  of  che- 
mical union,  though  it  is  one  very  generally  observed. 

Though  we  have  considered  the  change  of  properties 
from  chemical  action,  as  striking  and  important,  it  is  not 
to  be  understood  that  it  is  invariably  so.  In  many  cases 
the  change  is  far  from  being  considerable,  pr  the  proper- 
ties of  one  or  both  of  the  substances  united,  can  be  recog- 
nised in  the  compound.  In  all  the  combinations,  for  ex-, 
ample,  of  metals,  with  each,  other,  the  compound  still  re- 
,  taiils  the  general  metallic  properties,  though  not  precise- 
ly the  same  as  in  their  constituent  metals.  And  in  the 
solutions  of  salts,  and  of  many  vegetable  and  animal  pro- 
ducts, in  water  or  in  spirit,  the  properties  of  the  substan- 
ces dissolved,  with  the  exception  of  the  form,  are  scarce- 
ly sensibly  altered.  Yet  these  are  real  chemical  combi- 
nations ;  the  substances  are  intimately  blended,  notwith- 
standing the  difference  of  their  specific  gravities  j  and 
their  union  is  permanent,  or  they  cannot  be  disunited 
but  by  the  operation  of  heat,  or  the  exertion  of  superior 
afHnities. 

From  the  consideration  of  this  class  of  facts,  the  older 
chemists  even  advanced  the  opinion  that  the  properties  of 
eompouuds  are  intermediate  between  those  of  their  con- 
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stituent  parts;  an  opinion,  the  fallacy  of  which  Is  demon- 
strated by  the  most  general  view  of  chemical  combina- 
tions. In  opposing  it,  some  modern  chemists  have  erred 
on  the  other  extreme,  by  teaching  that  the  properties  are 
uniformly  and  completely  different.  The  proper  enun- 
ciation of  the  law  is,  that  a  change  of  properties  more  or 
less  considerable  is  the  consequence  of  chemical  combi- 
nation. 

Berthollet  has  on  this  subject  in  some  measure  revived 
the  older  opinion,  and  has  supposed,  that  in  every  case  the 
properties  of  compounds  are  derived  from  those  of  their 
constituent  parts.  But  he  has  rendered  it  much  less  lia- 
•ble  to  exception,  by  assigning  certain  causes  by  which  the 
properties  are  modified,  and  which  are  frequently  so 
powerful  as  to  disguise  them.  Thus  opposing  proper- 
ties weaken  or  neutralize  each  other,  and  important 
changes  are  frequently  produced  in  bodies  combining  to- 
gether by  the  mutual  penetration  and  condensation  which 
accompany  their  combination.  If,  therefore,  a  combina- 
tion be  not  of  the  most  intimate  kind,  the  properties  of 
the  elements  may  be  expected  to  remain  to  a  great  extent 
in  the  compound,  as  they  may  also  when  the  substances 
combined  have  few  opposing  or  incompatible  properties. 
But,  in  combinations  of  an  opposite  description,  the  pro- 
perties may  be  expected  to  undergo  a  much  greater 
change,  though  even  in  these  the  properties  of  the  ele- 
ments may  often  be  recognised  in  those  of  the  compound. 
A  review  of  chemical  phenomena  will  afford  a  number  of 
facts  which  accord  with  these  conclusions.    Note  (A  a)w 

In  those  combinations,  in  which  the  changes  of  pro- 
perties are  least  considerable,  we  still  in  general  find  one 
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change  which  perhaps  accompanies  every  case  of  chemi- 
cal union,  and  which  nnay  even  be  regarde4  ?s  ^  test  pf 
it — an  alteration  of  density  the  density  of  the  cppippund 
not  being  the  n^ean  of  the  densities  of  the  cornponent 
parts,  and  the  deviation  {k>m  this  me^n  being  even  ofiei^ 
considerable. 

In  the  greater  numbe?  of  cases,  the  density  is  increa- 
sed, or  a  mutual  penetration  appears  to  attend  the  coiifji- 
bination.  Where  two  air-s,  by  cprtibining,  pass  into  the 
fluid  state,  or  when  two  fluids,  or  a  flyid  ^nd  solid,  form 
a  solid  compound,  this  i^  necessarily  the  case  to  a  great 
extent,  and  often  the  density  not  only  exceeds  the  mean, 
but  exceeds  much  that  ©f  the  more  dense  of  the  combi- 
ning substances. 

In  other  cases,  the  augmentation  of  density  is  less  con- 
siderable, and  is  pnly  sornevvhat  superior  to  the  mean  den- 
sity of  the  substances  combined.  K  ardent  spirit,  of  the 
specific  gravity  of  825,  be  mixed  with  an  equal  weight  of 
distilled  water,  the  specific  gravity  of  which  is  1000,  the 
density  of  the  fluid  resulting  from  the  combination  of 
equal  parts  of  the  spirit  and  water  is  not  the  mean  densi- 
ty 9l4.>but  is  930. 

There  are  many  similar  examples  in  the  combination  of 
saline  substances  with  water,  in  which  a  mutual  approxi- 
mation of  the  particles  takes  place.  It  follows  from  tlus» 
that  the  specific  gravity  of  any  compound  fluid  cannot  be 
determined  by  calculation  from  the  specific  gravities  of 
its  ingredients,  but  must  be  ascertained  by  actual  experi- 
ment. 

A  fact  on  this  subject,  somewhat  singular,  was  observ- 
ed by  Mr  Ktrwan.    It  is,  that  in  a  combination,  the  in- 
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crease  of  density  frequently  does  not  at  once  acquire  Its 
maximum^  but  continues  to  increase,  though  apparently 
the  combination  is  made  at  once,  and  without  any  resis- 
tance. Thus,  in  combinations  of  sulphuric  acid,  or  of 
nitric  acid  with  water,  he  at  first  supposed,  as  any  che- 
mist would  have  done,  that  the  full  density  is  attained  af- 
ter the  heat  arising  from  the  combination  has  been  reduc- 
ed, and  the  fluid  has  attained  the  temperature  of  the  sur- 
rounding medium  ;  yet  he  found,  that  after  the  mixture 
had  remained  six  hours,  a  time  .more  than  sufficient  to 
cool  it,  its  density  still  continued  to  increase  \  and  that  in 
combining  one  part  of  sulphuric  acid  with  two  of  water, 
twelve  hours  as  least  were  i-equisite  to  the  combination 
attaining  its  full  density  *. 

Another  singular  fact  attending  those  combinations  -in 
^vhich  there  is  an  augmentation  of  density,  is  that  the  in- 
crease is  greater  when  they  are  combined  together  at  a 
low  than  when  combined  at  a  high  temperature.  This 
was  ascertained  by  De  Luc  to  be  the  case  with  alcohol 
and  water,  and  by  Dr  Crawford  to  hold  true  also  with 
sulphuric  acid  and  water  f. 

Though  there  is  a  tendency,  however,  to  increased 
density  from  combination,  this  is  not  always  apparent. 
There  are  cases  in  which  the  density  is,  on  the  contrary, 
diminished.  In  every  instance,  perhaps,  in  which  two 
liquids  combine,  the  density  is  increased,  and  the  same 
change  follows  from  the  intimate  combination  of  two  airs. 
But  when  a  solid  is  dissolved  by  a  liquid,  the  enlargement 

*  Philosophical  Transactions,  vol.  Ixxii,  p.  180. 
t  Treatise  on  Heat,  p,  480. 
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of  volume  which  the  solid  acquires  by  passing  into  the 
liquid  state,  is  sometimes  greater  than  the  condensation 
resulting  from  its  union  in  that  state  with  the  liquid,  the 
affinity  of  which  has  overcome  its  cohesion,  and  dissolv- 
ed it. ,  Hence,  on  the  whole,  an  increase  of  volume  or 
diminution  of  density  is  the  result  *.  We  observe  this 
in  the  solutions  of  a  considerable  number  of  salts  in  wa- 
ter. I  must  observe,  however,  that  this  diminution  of 
density  is  not  confined,  as  Berthollet  has  represented,  to 
those  cases  in  which  there  is  a  change  of  form.  In  a 
number  of  the  combinations  of  the  metals,  the  compound 
has  a  specific  gravity  inferior  to  the  mean  specific  gravi- 
ty of  the  metals  combined,  though  it  still  exists  in  a  solid 
state.  In  these  cases,  it  is  probable,  that  the  enlargement 
of  volume  which  happens,  arises  from  a  species  of  crys- 
tallization, which  the  compound  undergoes,  and  is  simir 
lar  to  the  increase  of  volume  which  attends  the  congela- 
tion of  several  substances. 

The  cases  in  which  the  changes  of  properties  from 
combination  are  so  inconsiderable,  are  generally  those  in 
which  a  solid  combining  with  a  fluid  passes  into  the  fluid 
form.  This,  as  has  been  remarked,  in  chemical  language, 
is  termed  Solution.  Berthollet  has  extended  the  signifi- 
cation of  the  term, — applying  it  to  all  cases  of  chemical 
union,  whether  between  a  solid  and  fluid,  two  fluids,  two 
airs,  or  an  air  and  a  fluid,  which  is  not  intimate,  or  where 
the  attraction  has  hot  been  sufiiciently  energetic  to  alter 
materially  the  properties  of  the  substances  united,  but 
merely  sufficient  to  overcome  cohesion,  elasticity,  or  any 


*  BerthoUet's  Statics,  i..  169. 
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opposing  force,  and  retain  them  united,  without  any  inti- 
mate approximation  of  their  parts. 

As  the  affinity  exerted  by  a  solvent  (or  fluid  dissolving 
a  solid)  to  the  body  dissolved,  is  frequently  so  weak  as 
not  to  give  rise  to  any  sensible  alteration  in  the  chemical 
relations  of  the  body  dissolved,  it  is  often  neglected  in 
chemical  reasonings,  and  regarded  merely  as  communica- 
ting to  the  solid,  that  fluidity  which  favours  the  exertion 
of  its  attractions  to  other  bodies.  It  is  not  always,  how- 
ever, to  be  viewed  in  this  light  j  for,  though  it  may  diflfer 
in  intensity  from  that  which  produces  more  powerful 
combinations,  it  is  still  often  sufficiently  energetic  to  mo- 
dify the  affinities  of  the  substance  dissolved. 

Next  to  the  change  of  properties,  the  most  important 
phenomenon  attending'chemical  action,  is  change  of  tem- 
perature, or  in  other  words,  the  production  either  of  heat 
or  of  cold.  This  is  so  general  an  effect,  that  it  has  been  es- 
tablished as  a  law,  that  the  exertion  of  chemical  attraction  is 
accompanied  by  a  change  of  temperature.  In  many  cases  it 
is  considerable,  and  there  are  few  examples  of  chemical 
action  in  which,  when  accurately  examined,  it  will  not 
be  observed. 

The  production  of  heat  is  the  more  frequent  change, 
and  the  great  source  of  heat  in  the  operations  of  art,  is 
chemical  combination.  The  heat  evolved  in  cbmbustion, 
in  fermentation,  and  from  the  mixture  of  different  chemi- 
cal agents,  has  this  origin. 

In  other  cases  of  chemical  combination,  the  tempera- 
ture is  diminished,  or  cold  is  produced.  This  happens  in 
the  solutions  of  salts  in  water,  or  in  otlier  fluids  which 
5Ct  upon  tKem  with  more  energy  than  water  docs;  ansJ, 
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in  some  of  the  latter  solutions,  very  intense  colds  are  pro- 
duced. It  happens  to  a  still  greater  extent,  when  the 
salts  act  on  ice  or  snow  ;  and  the  greatest  colds  we  can 
produce  arise  from  these  combinations. 

Wherever  a  production  of  heat  19  observable  in  chemi- 
cal combination,  we  can  trace  an  increased  density  ac- 
companying it;  and  the  evolution  of  heat  may  be  ascribed 
to  this  condensation,  since  we  know,  that  the  mechanical 
condensation  of  a  compressible  body  produces  heat.  On 
the  other  hand,  where  cold  is  produced  in  chemical  action, 
there  is  always  an  enlargement  of  volume,  to  which, 
therefore,  the  cold  may  be  ascribed. 

But  we  do  not  find  that  the  production  either  of  heat 
or  cold,  from  chemical  action,  is  proportional  to  the  in- 
crease or  diminution  of  density.  Allowing  the  latter, 
therefore,  to  be  the  cause  of  the  change  of  temperature, 
there  must  be  some  other  circumstance  by  which  it  is 
modified.  This  is  the  change  of  form.  It  is  sufficient, 
at  present,  to  state,  that  when  a  body  passes  from  the 
aeriform  to  the  liquid  state,  or  from  the  liquid  to  the 
solid  state,  it  gives  out  heat,  and  in  the  opposite  changes 
absorbs  it,  in  quantities  not  proportional  to  the  degree  in 
which  the  density  is  altered  by  the  form;  and  hence  such 
transitions  of  form,  when  they  accompany  chemical  ac- 
tion, which  they  frequently  do,  modify  the  production  of 
heat  or  cold  which  arise  from  the  condensation  attending 
the  combination  itself.  By  taking  into  consideration 
these  two  circumstances,  the  production  of  heat  or  cold 
from  chemical  action,  is  explained  with  more  precision 
than  if  one  of  them  only  were  admitted  in  the  theory  ; 
and  there  can  be  no  doubt,  as  matter  of  fact,  that  botlv, 
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when  they  occur,  have  a  share  in  producing  the  change 
of  temperature.    Note  (A  b). 


SECT.  III. — Of  the  circumstances  ly  zchich  the  exertion 
of  ylffinity  is  influenced. 

It  had  long  been  observed,  that  the  exertion  of  chemi- 
cal attraction  among  bodies  is  not  uniform,  but  is,  to  a 
certain  extent,  influenced  by  circumstances.  A  number 
of  facts  proved,  that  the  force  of  aggregation  opposes 
combination,  and  that  the  agency  of  heat  modifies  not 
less  powerfully  the  forces  of  affinity.  This  part  of  the 
subject  has,  however,  been  considered  under  a  much  more 
extensive  point  of  view  by  Berthollet  and  this  section 
will  include  principally  a  statement  of  so  much  of  the  old 
doctrines  as  appears  to  be  just,  combined  with  the  views 
he  has  delivered.  The  circumstances  he  enumerates,  as 
influencing  the  exertion  of  attraction,  are,  Quantitjr  of 
Matter,  Cohesion,  Insolubility,  Specific  Gravity,  Elastici- 
ty, and  Efflorescence. 

I.  Quantity  of  matter. — The  attraction  of  gravita- 
tion acts  on  bodies  with  a  force  directly  as  the  quantity  of 
matter,  and  inversely  as  the  square  of  the  distance  j  but 
in  chemical  attraction,  it  is  not  possible  to  perceive  the 
operation  of  such  a  law.  It  is  exerted  between  bodies 
only  when  they  are  in  apparent  contact ;  and,  conse- 
quently, we  have  it  not  in  our  power  to  ascertain  accurate- 
ly the  effect  of  distance  on  the  force  with  which  it  operates ; 
though  we  find  an  approximation  to  the  law,  in  the  at- 
traction becoming  weaker  as  the  distance  between  th^' 
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particles  is  increased,  and  ceasing  when  it  amounts  to  a 
certain  extent.  We  find  another  approximation  to  it  in 
the  fact ;  that  the  force  of  affinity  is  modified  by  the  re- 
lative quantity  of  the  bodies  brought  within  the  sphere  of 
mutual  action,  or,  according  to  the  statement  of  Berthol- 
let,  that  "  every  substance,  having  a  tendency  to  enter 
"  into  combination,  acts  in  the  ratio  of  its  affinity  and  its 
"  quantity." 

Some  of  the  facts  from  which  this  law  of  chemical  at- 
traction is  deduced,  had  been  observed  prior  to  the  re- 
searches of  this  able  chemist.    It  had  been  known,  that 
the  force  of  affinity  between  two  substances,  capable  of 
combining  in  different  proportions,  is  different  in  one  pro- 
portion from  what  it  is  in  another.    It  was  clearly  shewn 
by  Bergman,  that,  in  decomposing  a  compound  by  a  su- 
perior affinity,  a  much  larger  quantity  of  the  decomposing 
substance  is  frequently  necessary  than  would  have  been 
calculated  on  in  theory.    It  was  observed,  that  in  decom- 
posing a  compound  by  heat,  or  even  by  another  attrac- 
tion,, the  partial  decomposition  of  it  is  often  easily  effect- 
ed, while  the  entire  separation  of  the  one  ingredient  from 
the  other  is  difficult  or  unattainable  ;  and  hence  was  de- 
duced the  general  proposition.  That  the  force  of  attrac- 
tion is  in  the  inverse  ratio  of  saturation,  or  that  the  parti- 
cles which  enter  first  into  a  combination,  are  retained  by 
a  stronger  affinity  than  those  afterwards  combined.  But 
little  extension  was  given  to  this  principle,  nor  was  its 
importance  perceived.     To  Berthollet  we  are  indebt- 
ed for  its  full  developement ;  for  the  application  to  che- 
mical phenomena  in  general,  of  what  had  formerly  been 
confined  to  individual  facts  ;  and  for  shewing,  that  ia 
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all  cases,  combinations  do  not  depend  merely  on  affinity, 
but  likewise  on  the  proportions  of  the  substances  brought 
into  action. 

If  affinity  were  an  uniform  force,  different  in  its  inten- 
sities, as  exerted  between  diffisrent  substances,  but  inde- 
pendent of  quantity,  it  is  evident,  that  when  three  sub- 
stances, A  B  and  C,  having  different  affinities,  are  pre- 
sented to  each  other,  the  two  which  exert  the  strongest 
attraction,  suppose  A  and  B,  should  combine  together, 
to  the  perfect  exclusion  of  the  third  C,  and  that  C  should 
remain  completely  isolated ;  and  if  the  compound  of  A 
and  B  be  exposed  to  the  agency  of  C  in  any  quantity 
whatever,  it  ought  not  to  suffer  any  change,  the  circum- 
stances, with  the  exception  of  quantity,  being  always 
supposed  to  be  the  same  in  these  experiments.  But,  on 
the  other  hand,  if  the  quantity  of  an  ingredient  adds  to 
the  force  of  its  affinity,  when  three  substances  are  pre- 
sented to  each  other,  two  of  them  having  attractions  to 
the  third,  this  third  cannot  be  entirely  combined  with 
one,  but  must  be  shared  between  them,  in  the  ratio  of 
the  affinity  and  quantity  of  each.  Or  if  a  combination  of 
it  with  one  of  these  substances,  suppose  with  the  one  to 
which  the  attraction  is  strongest,  has  been  previously 
formed,  on  subjecting  this  compound  to  the  agency  of 
the  third  substance  in  large  quantity,  the  affinity  of  this 
must  be  so  far  aided  by  its  quantity,  as  to  occasion  a 
partial  decomposition,  and  abstract  a  part  of  the  ingre- 
dient to  which  it  has  an  attraction. 

The  truth  of  the  doctrine,  therefore,  that  affinity  is  mo- 
dified by  quantity,  depends  on  the  state  of  the  fact  with 
regard  to  these  deductions.    And,  from  the  experiments 
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of  Berthollet,  which  stand  uncontradicted,  and  which  are 
confirmed  by  many  collateral  facts,  they  appear  to  be 
SufRciently  established.  It  is  shewn,  in  a  number  of 
cases,  that  a  substance,  when  in  large  quantity,  can 
partially  decompose  a  compound,  between  the  principles 
cf  which  a  Stronger  attraction  exists,  than  the  attraction 
it  exerts  to  the  principle  with  which  it  combines ;  that, 
on  the  other  hand,  when  two  substances  are  united  to- 
gether, by  a  comparatively  wea]i  affinity,  and  when  the 
compound  is  subjected  to  the  agency  of  a  substance, 
having  a  stronger  attraction  to  one  of  the  ingredients, 
this  substance  cannot  decompose  the  compound  entirely; 
for>  in  proportion  as  the  decomposition  proceeds,  the  re- 
lative quantity  of  the  other  ingredient  of  tlie  compound 
is  irurreased,  and,  by  aiding  its  affinity,  is  at  length  able 
to  put  a  stop  to  the  progress  of  the  decomposition ;  that 
in  both  these  cases,  therefore,  there  is  a  partition  of  the 
base  or  subject  of  a  combination  between  the  two  bodies 
whose  actions  are  opposed,  and  that  the  proportions  of 
this  partition  are  determined  as  much  by  the  difference  of 
the  quantities  of  the  bodies,  as  by  the  difference  of  en- 
ergy in  their  afTmities.  And  what  is  the  most  simple 
proof  of  the  proposition,  a  substance  may  be  added  in 
small  quantity  to  a  compound,  without  producing  on  it 
any  sensible  effect,  but  if  added  in  large  quantity,  will 
immediately  decompose  it. 

From  these  factsj  given  more  in  detail  Note  (A  c),  the 
conclusion  may  be  drawn,  thvit  affinity  is  modified  by 
{juantity  of  matter,  or  the  chemical  action  of  any  body  is  cx- 
•■rfp{J  ill  (he  ratio  of  its  fffuiitif  and  qtiantittj. 
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From  this  law  some  important  corolkries  may  be  de- 
duced. 

FWsty  It  follows  from  it,  that  the  chemical  action  of 
3jiy  substance  on  another,  must  diminish  as  it  advances,  to 
saturation.  Its  energy  depends  on  its  afllnity  and  quan- 
tity ;  that  portion  which  enters  into  combination  has  its 
affinity  saturated,  and  this  being  equivalent  to  its  abstrac- 
tion, the  remaining  quantity  must,  in  conformity  to  the 
law,  have  a  less- powerful  action. 

Secondly^  A  substance  subjected  to  decomposition,  roust 
oppose  a  stronger  resistance  to  the  decomposing  agent,,  ift 
proportion  as  tlie  decomposition  proceeds,  from  the  in- 
crease in  the  relative  quantity  of  the  one  of  its  ingredients 
to.  the  other  which  is  abstracted.  Hence,  when  a  substance 
is  separated  from  a  combination  by  precipitation,  it  gene- 
rally retains  a  portion  of  the  substance  with  which  it  was 
combined ;  the  proportion  being  determined  by  the  force 
of  the  aglnity  between  them,  and  the  quantity  of  the  sub- 
s.tance  by  which  the  precipitation  is  occasioned.  Yet 
there  is  not  in  every  case  this  participation  of  a  sub- 
stance between  two  others  exerting  affinities  towards  it  j 
but  from  the  interference  of  cohesion  or  elasticity,  de- 
compositioj)  is  sometimes  rendered  complete,  and  sub- 
stances obtained  pure  and  insuJnted.    Thus  the  metals 
are  precipitated  from  their  solutions  in  their  metallic  states 
and  elastic  fluids  may  be  disengaged  from  a  combination, 
without  retaining  any  portion  of  the  substance  with  which 
they  were  combined.   Where  these  extraneous  forces  d.o 
not  operate  powerfully,  this  participation  perhaps  always, 
takes  place. 

l>aitlyy  It  follows  from  this  law,  that  in  estimatirjg  the 
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relative  forces  of  affinity  in  bodies,  the  quantities  of  them 
must  be  taken  into  view,  and  ought  to  be  equal. 

II.  Cohesion — Cohesion,  or  that  force  by  which 
homogeneous  particles,  or  the  particles  of  the  same  kind 
of  matter,  are  held  together,  which,  when  exerted  with 
energy,  produces  solidity,  and  when  diminished,  allows 
the  production  of  the  fluid  and  aeriform  states,  has  an  in- 
fluence in  counteracting  affinity,  and  opposing  chemical 
action,  which  has  long  been  observed. 

It  is  sufficiently  evident  that  a  force  which  retains  the 
particles  of  a  mass  of  matter  in  union,  must  oppose  any 
force  tending  to  separate  them,  in  order  to  bring  them 
into  new  arrangements  or  combinations,  and  the  ultimate 
result  must  depend  on  the  proportion  of  these  forces  to 
each  other.    Accordingly,  from  the  opposition  of  these 
two  powers  in  diff'erent  degrees  of  energy,  arise  numerous 
shades  of  combination,  more  or  less  intimate,  as  the  one 
predominates  over  the  other,  from  the  mere  adhesion  of 
the  surfaces  of  bodies,  or  the  absorption  of  a  liquid  into 
the  interstices  of  a  solid,  to  the  most  perfect  chemical 
union.    If  cohesion  is  powerful,  a  strong  affinity  may  be 
effectually  resisted,  and  no  combination  take  place,  though 
the  bodies  have  a  reciprocal  attraction  ;  and  if  cohesion 
be  inconsiderable,  a  weak  affinity  may  be  predominant, 
and  a  combination  be  effected.    The  more  powerful  ag- 
gregation is,  the  stronger  must  a  chemical  attraction  be  to 
overcome  it,  and  to  unite  the  particles  of  two  bodies  to- 
gether ;  and  it  equally  follows,  that  whatever  weakens 
aggregation  favours  combination. 

There  are,  accordingly,  a  number  of  examples  in  che- 
mistry, in  which  aggregation  in  bodies  is  so  powerful, 
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tliat  they  are  not  sensibly  acted  on  by  others,  even  in  the 
fluid  state,  though  the  combinations  of  them  are  efFected 
when  the  aggregation  of  the  solid  is  destroyed.  The  na- 
tive oxide  of  tin  resists  the  action  of  any  acid  ;  it  was 
discovered  by  Guyton,  that  this  apparent  insolubility  is 
owing  merely  to  its  strong  aggregation,  and  that  when 
this  is  overcome  by  mechanical  operations,  it  becomes 
soluble.  Klaproth  found,  that  the  ruby,  the  sapphire, 
and  the  adamantine  spar,  from  the  same  cause, — the 
strength  of  the  aggregation  between  their  particles, — 
are  scarcely  affected  by  any  chemical  agent  j  but  that,  if 
their  cohesion  be  destroyed,  they  are  then  acted  on,  and 
their  analysis  can  be  accomplished.  Hence  the  mecha- 
nical operations  of  Trituration,  Levigation,  and  Granu- 
lation, are  of  considerable  importance  in  facilitating  che- 
mical action,  partly  by  diminishing  aggregation,  and  part- 
ly by  increasing  the  surface  on  which  affinity  is  exerted. 

The  observation  of  the  effects  of  cohesion  in  counter- 
acting chemical  action,  gave  rise  to  the  axiom  which  has 
long  been  established  in  chemistry^  Corpora  non  agttnt  ?itsi 
tint  soluta  :  Bodies  do  not  act  on  each  other,  unless  they 
are  dissolved,  or  in  a  fluid  state.  Though  to  this  propo- 
sition there  are  some  exceptions,  it  is  generally  true.  It 
is  seldom  that  two  solid  bodies  act  chemically  on  each 
other ;  while  fluids  having  mutual  affinities,  combine 
with  facility  j  and  fluids  act  on  solids  with  energy,  pro- 
portioned to  the  attractions  they  have  towards  them. 
The  fluidity  in  general  necessary  to  chemical  action,  is 
communicated  sometimes  by  the  application  of  heat, 
sometimes  by  the  addition  of  a  fluid,  which  may  dissolve 
or  render  liquid  one  or  both  of  the  bodies  concerned, 
without  materially  altering  the  order  of  their  attractions. 
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Hence  fusion  and  previous  solution  are  the  common  media 
of  chemical  action. 

It  is  not  true,  however,  that  fluidity  is  indispensable  to 
chemical  action.  On  the  contrary,  vre  have  a  number  of 
examples  in  vi^hich  two  solid  bodies,  in  a  state  of  minute 
mechanical  division,  act  chemically  on  each  other.  We 
have  such  examples  in  several  of  the  compound  salts 
•which  decompose  each  other  •,  different  solid  salts  too 
act  on  ice  or  snow  at  low  temperatures,  at  which  neither 
of  them  separately  can  be  fluid,  and  various  earths,  when 
mixed  together,  and  exposed  to  heat,  combine  and  form 
a  fusible  compound,  at  a  temperature  much  inferior  to 
•what  would  be  requisite  to  communicate  fluidity  to  ei- 
ther of  them.  In  such  cases,  the  mutual  affinity  is  suf- 
ficiently strong  to  overcome  the  aggregation  in  each, 
and  they  establish  the  propriety  of  the  expression  of  the 
general  fact,  that  the  attraction  of  aggregation  in  bodies 
requires  to  be  diminished  below  the  force  of  the  chemi- 
cal attraction  subsisting  between  them,  in  order  that 
they  may  act  on  each  other. 

"When  the  affinity  of  any  fluid  to  a  solid,  has  overcome 
the  cohesion  of  the  solid,  and  dissolved  as  large  a  portion 
of  it  as  it  can  do,  it  may  still  dissolve  a  quantity  of  a  dif- 
ferent solid,  by  the  affinity  it  exerts  towards  it ;  and  it 
sometimes  happens,  from  the  reciprocal  action  of  the 
two  solids,  that  the  solution  of  the  second  is  effected  in 
larger  quantity,  than  it  would  have  been  if  the  other  had 
not  been  previously  dissolved.  And  if  even  a  fresh  por- 
tion of  the  first  be  added,  it  will  now  be  dissolved.  This 
was  observed  by  Lemery  in  the  solution  of  nitre  and  sea- 
salt  in  water.    Vauquclln  has  found,  that  the  same  phe- 
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nomenon  is  exhibited  by  a  number  of  other  saline  sub- 
stances *.  Hence  the  reason  that  mixtures  of  those  salts 
which  produce  cold  during  their  solution  in  water,  pro- 
duce it  to  a  greater  extent  than  when  they  are  dissolved 
separately,  as  a  larger  quantity  of  solid  matter  becomes 
fluid  in  a  shorter  time  ;  and  hence  also  the  difficulty  found 
in  many  cases  of  separating  completely  salts  by  crystalli- 
zation from  the  same  solution,  as  well  also  as  the  forma- 
tion of  an  uncrystallizable  residue  f. 

Cohesion,  though  weakened  in  fluids,  is  not  to  be  re- 
garded as  being  totally  impaired  ;  its  existence  is  evident 
in  the  adhesion  of  the  parts  of  a  fluid  forming  globules, 
and  it  is  still  sufficiently  powerful  to  resist  even  the  reci- 
procal action  or  to  limit  the  combination  of  fluids,  the 
mutual  affinities  of  which  are  weak.  In  general,  how- 
ever, the  resistance  it  opposes  is  too  inconsiderable  to  limit 
the  combination,  and  hence  fluids  usually  ""combine  in  all 
proportions,  especially  where  the  cohesion,  such  as  it  is, 
is  not  favoured  by  a  considerable  difference  in  specific 
gravity. 

So  far  the  operation  of  aggregation  on  chemical  action 
was  known  to  chemists.  But  besides  the  eflFects  of  it 
hitherto  described,  a  more  extensive  influence  has  been, 
attributed  to  it  by  Berthollet ;  and,  considered  under  the 
point  of  view  which  he  has  pointed  out,  it  is  one  of  the 
most  important  of  the  causes  concurring  in  the  produc- 
tion and  regulation  of  chemical  action. 

The  principal  peculiarity  in  the  additional  view  which 
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Berthollet  gives  of  the  influence  of  cohesion  on  chemical 
action,  is,  that  he  does  not  regard  it  merely  as  a  quality 
of  bodies  actually  solid,  (or  remaining  in  a  small  degree 
in  fluids),  resisting  the  efficacious  exertion  of  afllnity,  and 
ceasing  to  act  when  solidity  is  destroyed  :  On  the  con- 
trary, he  conceives  it  still  to  operate  when  it  has  been  ap- 
parently overcome,  or  when  its  effects  are  not  sensible  } 
and  that  by  a  progression  in  its  action,  it  may  at  length 
materially  influence  chemical  combination.  It  may  be 
overcome  by  a  superior  affinity,  or  by  the  agency  of  heat ; 
and  its  energy  may  be  so  far  subdued,  as  to  appear  en- 
tirely negative ;  but  it  still  continues  so  far  active,  that 
if  the  forces  by  which  it  was  weakened  are  again  dimi- 
nished, its  action  will  be  exerted,  even  before  soHdity  takes 
place,  and  will  counteract  affinity.  Or  if,  in  consequence 
of  new  affinities,  combinations  are  produced,  it  will  fre- 
quently determine  the  proportions  in  which  these  are 
formed.  Being  exerted  between  the  integrant  particles 
resulting  from  the  combination,  whenever  its  intensity  is 
sufficient  to  counterbalance  the  affinity  of  the  liquid  in 
which  these  are  formed,  it  will  produce  separations,  un- 
der the  form  of  crystallizations  and  precipitations,  of  the 
substance  thus  formed,  it  will  of  course  withdraw  it  in 
part  from  the  sphere  of  action,  and  will  oppose  a  resist- 
ance to  any  further  exertion  of  chemical  power,  and  by 
such  an  operation  will  actually  determine  the  proportions 
of  the  combination.  This  is  the  most  important  effect  of 
cohesion  j  and  I  shall  immediately  have  to  state  its  agency 
in  this  respect  more  fully,  in  considering  the  limits  of 
chemical  attraction. 
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III.  Insolubility  The  insolubility  of  a  substance  in 

a  fluid,  which  is  the  medium  of  chemical  action,  has  an 
influence  on  that  action  somewhat  similar  to  that  of  co- 
hesion, and  is  indeed  nothing  but  a  modification  of  it  in 
relation  to  the  fluid  in  which  it  is  exerted.  If  substances 
in  the  liquid  state  be  made  to  act  on  each  other,  their  ac- 
tion will  meet  with  little  foreign  resistance,  and  will  be 
in  a  great  measure  proportional  to  their  affinity  and  quan- 
tity. But  if  one  of  them  be  solid,  and  be  farther  insolu- 
ble in  the  fluid  which  is  the  medium  of  action,  the  insolu- 
ble matter  must  present  comparatively  few  points  of  con- 
tact ;  it  must  be  always  withdrawn  from  the  sphere  of 
action ;  and  of  course,  if  it  be  opposed  to  a  combination, 
it  can  act  with  comparatively  little  energy.  From  the 
same  cause,  if  it  be  a  compound,  and  be  acted  on  by  any 
substance  tending  to  combine  with  one  of  its  principles, 
its  insolubility  must  in  some  measure  protect  it,  as  ab- 
stracting it  from  the  action  of  the  decomposing  substance. 

Insolubility  may  also  determine  the  proportions  in 
which  a  compound  is  formed  ;  for  if,  in  the  progress  of 
combination,  a  compound  be  produced  which  is  insolu- 
ble, it  will  be  immediately  precipitated,  become  insulated, 
and  thus  fixed  in  its  proportions. 

Lastly,  if  an  insoluble  substance  be  the  result  of  any 
chemical  decomposition,  by  being  immediately  separated, 
it  will  not  oppose  the  action  of  the  decomposing  sub- 
stance, which  it  would  have  done  if  it  had  remained  dis- 
solved ;  and  hence  the  decomposition  will  be  more  com- 
plete. 

IV.  Specific  Gravity. — Great  specific  gravity  in  a 
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substance  having  much  cohesion,  or  of  sparing  solubility, 
must  co-operate  with  these  qualities  in  influencing  chemi- 
cal  action.  It  must  withdraw  the  body  possessed  of  it  from- 
the  sphere  of  action,  and  the  subsidence  can  be  but  im- 
perfectly counteracted  by  agitation  :  hence  it  must  so  far 
retard  its  combinations;  it  must  diminish  its  power  in 
effecting  decompositions ;  and  it  must,  if  the  substance  be 
a  compound,  oppose  its  decomposition  from  the  action  of 
other  bodies  upon  it. 

V.  Elasticity — This  property  is  possessed  in  the 
highest  degree,  and  indeed  in  such  a  degree  only,  as  to 
produce  sensible  chemical  effects  by  aeriform  substances. 
Though  the  reverse  of  cohesion,  it  frequently  operates 
on  a  similar  principle,  or  influences  chemical  action,  by 
withdrawing  the  particles  from  the  sphere  of  attraction, 
and  thus  opposing  or  counteracting  their  combination. 
According  to  the  different  degress  of  energy  with  which 
it  is  exerted,  and  according  as  it  may  be  modified  by 
other  circumstances,  it  resists  combination,  or  favours  de^ 
composition. 

When  two  elastic  fluids  or  airs  are  mixed  together, 
having  mutual  affinities,  in  the  greater  number  of  cases 
they  do  not  combine,  priori,  we  might  perhaps  be  led 
to  expect  that  they  would  combine  with  rapidity ;  for  as 
cohesion  is  a  force  counteracting  affinity,  and  as  in  the 
permanently  elastic  or  aeriform  fluids  it  is  completely 
subverted,  and  a  repulsion  established  among  the  par- 
ticles of  each,  any  attraction  existing  between  these 
bodies,  it  might  be  supposed,  would  be  exerted  with  full 
effect.    We  find  this,  however,  very  seldom  the  case ; 


OR  AFFINITY.  85 

and  between  a  number  of  elastic  fluids,  Intimate  combi- 
nation is  slow  and  reluctant. 

\This  is  to  be  ascribed  to  their  elasticity,  and  the  dis- 
tances at  which  their  particles  are  placed.  A  substance 
existing  in  the  aerial  form,  consists  of  a  number  of  parti- 
cles placed  at  great  distances,  and  repelling  each  other. 
When  two  airs,  therefore,  are  mingled  together,  their 
particles  are  without  the  sphere  of  chemical  attraction; 
their  mutual  affinity  is  very  feebly  exerted,  and  they  can- 
liot  be  combined,  but  by  subjecting  them  to  circumstan- 
ces in  which  this  obstacle  is  lessened  or  removed. 

In  conformity  to  this  view  of  the  operation  of  elastici- 
ty, in  counteracting  combination,  it  is  found,  that,  in  the 
elastic  fluids  the  elasticity  of  which  is  not  permanent,  in 
other  words,  the  vapours,  the  facility  of  combination  is 
much  greater  than  in  the  airs  or  gases  there  is  a  strong 
tendency  to  condensation  and  approximation  of  their 
particles;  they  are  on  the  verge  as  it  were  of  fluidity: 
hence  they  are  under  circumstances  favourable  to  their 
mutual  action  ;  they  have  no  cohesion,  and  their  elastici- 
ty is  not  permanent.  When  an  affinity,  therefore,  exists 
between  two  bodies  in  the  state  of  vapour,  they  often 
combine  with  facility.  We  find,  even  that  when  the 
affinity  is  very  energetic  in  the  permanent  gases,  it  is  ca- 
-pable  of  overcoming  the  obstacle  from  elasticity,  and  of 
uniting  their  particles,  as  in  the  example  of  the  acid 
gases  presented  to  ammonia.  And  even  in  those  airs, 
which,  when  mixed  together,  do  not  enter  into  combina- 
tion, an  affinity  appears  to  be  so  far  exerted  as  to  coun- 
teract their  specific  gravity,  and  prevent  them  from  sepa- 
rating from  each  other.    The  mutual  action  is  not  suffi- 
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ciently  energetic  to  overcome  the  elasticity  of  each,  and 
hence  it  is  not  attended  by  any  change  of  volume,  any 
evolution  or  absorption  of  heat,  or  the  production  of  any 
new  property,  but  is  merely  sufficient  to  retain  them  in  a 
state  of  uniform  diffusion.    But  if  by  any  circumstances 
their  elasticity  is  sufficiently  diminished,  their  affinity  is 
exerted  with  more  energy,  and  an  intimate  combination  is 
formed.    It  has  been  found  even,  that  by  mechanical 
pressure,  suddenly  and  forcibly  applied,  the  particles  of 
elastic  fluids  may  be  combined.    Lastly,  a  combination 
may  be  more  easily  effected  between  a  liquid  and  an  air, 
than  between  two  airs,  since  by  the  absence  of  elasticity 
in  the  one,  while  at  the  same  time  it  has  no  great  cohe- 
sion, the  obstacle  to  the  exertion  of  any  attraction  be- 
tween them  is  much  diminished,  though  it  still  continues 
to  a  certain  extent,  and  limits  the  combination. 

On  the  same  principle  is  to  be  explained  the  effect  of 
condensation,  in  promoting  the  combinations  of  elastic 
fluids.  If  an  aeriform  fluid  be  absorbed  by  water  or  any 
other  liquid,  the  quantity  absorbed  will  be  much  greater, 
if  strong  compression  is  applied,  than  if  it  is  not ;  and  by 
a  compression  sufficiently  powerful,  very  large  quantities 
of  airs,  which  otherwise  are  very  sparingly  absorbed  by 
the  liquid,  will  be  combined  with  it,  and  will  remaui 
combined  as  long  as  the  compression  is  applied.  The 
rationale  of  the  operation  is  evident.  The  afiinity  of  the 
aeriform  flui<l  and  the  liquid,  suppose  it  to  be  water, 
tends  to  combine  them ;  the  elasticity  of  the  air  opposes 
this  combination  ;  compression  is  a  counteracting  force, 
brings  the  particles  nearer  to  each  other,  and  of  course 
nearer  also  to  the  surface  of  the  water,  and  hence  their 
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mutual  combination  is  efFected.  But  if  the  compression 
is  withdrawn,  the  temperature  of  the  existing  compound 
acts  unequally  on  its  component  parts  j  the  tendency  of 
the  air  to  elasticity  is  favoured,  and  the  actual  tempera- 
ture may  be  sufficiently  high  to  counteract  the  affinity, 
and  separate  it  from  the  water.  These  facts  are  equally 
observed  in  the  absorption  of  those  airs  Mfhich  have  the 
strongest  attraction  to  water. 

Hence  we  find,  too,  that  combinations  of  this  kind  are 
always  promoted  by  cold.  At  a  low  temperature,  more 
of  the  air  is  absorbed  by  the  water  than  at  a  high  tempera- 
ture, because  by  the  cold  its  elasticity  is  repressed,  while 
a  high  temperature,  by  augmenting  the  elasticity,  causes 
its  expulsion. 

This,  however,  has  its  limits  j  for  if  the  degree  of  cold 
be  so  great  as  to  increase  materially  the  cohesion  of  the 
fluid,  this  may  more  than  counterbalance  the  advantage 
gained  by  the  diminution  of  elasticity  in  the  air,  and  may 
place  bounds  to  the  combination  ;  and  in  freezing  a  fluid 
which  has  been  previously  combined  with  an  air,  it  gene- 
rally happens,  from  this  cause,  that  in  the  moment  of 
freezing  the  air  is  expelled.  We  find,  too,  that  heat 
often  favours  the  combination  of  aeriform  fluids  with  so- 
lid substances ;  for  although  the  application  of  heat  in- 
creases the  elasticity  of  the  one,  and  so  far  is  unfavourable 
to  the  combination,  it  diminishes  the  cohesion  of  the 
other,  and  this  may  so  far  exceed  the  opposite  eflFect,  as 
to  enable  the  bodies  to  combine.  In  such  cases  it  gene- 
rally happens,  that  by  raising  the  heat  still  higher,  the 
combination  is  again  subverted,  and  the  elastic  ingredient 
expelled. 
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From  these  facts  it  follows,  that  elasticity  is  to  be  re- 
garded as  a  force  opposed  to  the  combination  of  those 
substances  possessed  of  it  with  other  bodies,  whether  elas- 
tic or  non-elastic. 

We  have  still  to  consider  it  under' another  point  of 
view,  as  it  favours  decomposition. 

If  a  compound  consist  of  a  solid  substance,  and  of  an- 
other, which,  when  pure,  acquires  elasticity,  or  exists 
in  the  aeriform  state,  such  a  compound  will  be  more  easy 
of  decomposition,  either  by  the  application  of  heat,  or  by 
the  intervention  of  superior  affinity,  than  if  it  consisted 
of  two  non-elastic  bodies. 

If  it  be  exposed  to  heat,  it  will  be  unequally  acted  on  : 
the  elasticity  of  the  one  ingredient  will  be  favoured  ;  this 
elasticity  will  become  more  powerful,  as  the  temperature 
is  raised,  and,  at  length,  will  be  able  to  counteract  the  af- 
finity between  the  ingredients  ;  they  will  be  separated 
from  each  other,  and  the  greater  part  of  the  one  that  is 
elastic  expelled.  A  portion  will  indeed  be  retained,  from 
the  affinity  of  the  solid  base  being  increased,  by  the  in- 
crease in  its  relative  quantity  by  the  progress  of  the  der 
composition  ;  but  this  will  be  comparatively  small. 

The  tendency  to  assume  the  elastic  form,  possessed  by 
an  ingredient  of  a  compound,  equally  favours  decomposi- 
tion by  a  superior  affinity,  principally  by  withdrawing  it 
from  the  sphere  of  chemical  action.  If,  to  a  compound 
composed  of  an  aeriform,  and  a  solid  or  liquid  body,  a 
substance  be  added  which  has  an  attraction  to  the  solid 
ingredient,  it  will  of  course  combine  with  it,  and  exclude 
a  portion  of  the  air  that  was  in  combination.  If  this, 
however,  were  to  remiain  within  the  sphere  of  action,  it 
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would  oppose  a  resistance  to  the  progress  of  the  decom- 
position, and  the  solid  ingredient  would  be  shared  be- 
tween it  and  the  decomposing  substance,  in  proportions 
determined  by  the  respective  energies  of  their  affinities. 
But  the  aeriform  body,  as  it  is  disengaged  from  its  com- 
bination, passes  into  the  elastic  state,  is  withdrawn  entire- 
ly from  the  sphere  of  action,  and  no  resistance  is  oppo- 
sed to  the  progress  of  the  decomposition.  Hence  the  de- 
composition of  compounds  of  this  kind  ; — those  consist- 
ing of  a  solid  or  liquid  substance  combined  with  an  air, 
are  more  complete  than  the  decomposition  of  compounds, 
consisting  of  inelastic  ingredients.  Among  the  salts,  this 
facility  of  decomposition  is  obvious  in  the  carbonates,  and 
in  the  muriates  and  fluates  ;  though,  in  the  two  latter,  to 
a  less  extent,  from  the  stronger  aflinity  their  acids  have 
to  water,  and  perhaps  also  the  greater  energy  of  their  at- 
tractions. Such  decompositions  also  are  much  favoured 
by  the  application  of  heat,  which,  increasing  the  elastici- 
ty of  the  volatile  substance,  favours  the  affinity  of  the 
more  fixed,  and  frequently  causes  it  to  predominate 
though  in  itself  weaker  than  the  affinity  of  the  elastic  in- 
gredient to  the  base  of  the  combination. 

VI.  Efflorescence.— The  effect  of  this  property  on 
chemical  action,  is  comparatively  trivial  and  confined. 
Scheele  Had  observed,  that  in  several  saline  mixtures, 
made  into  the  consistence  of  a  paste,  certain  decomposi- 
tions were  produced,  and  that  one  of  the  compounds,  re- 
sultmg  from  the  decomposition,  rose  gradually  through 
the  mass,  and  formed  an  efflorescence  on  its  surface. 
Berthollet  supposes,  apparently  with  reason,  that  its  being 
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thus  withdrawn  from  the  sphere  of  action,  will  contri- 
bute to  the  progress  of  the  decomposition,  or  allow  it  to 
proceed  farther  than  it  would  otherwise  have  done.  The 
case  in  which  it  has  beeia  principally  observed,  is  in  the 
decomposition  of  common  sea-salt  by  lime,  or  by  iron, 
noticed  by  Scheele  ;  and  BerthoUet  applied  the  observa- 
tion to  the  explanation  of  the  production  of  mineral  alkali 
or  soda,  in  the  beds  of  lakes  in  Egypt.  It  serves  to  ex- 
plain the  appearance  of  the  same  substance  on  walls  co- 
vered with  mortar,  and  perhaps  it  may  be  applied  with 
advantage  in  practical  chemistry.  The  circumstances 
which  appear  to  favour  it,  are  a  porous  mass,  a  certain 
degree  of  humidity,  and  a  disposition  to  crystallize  in  the 
efflorescent  substance. 

VII.  Temperature. — Much  of  the  effect  of  tempe- 
rature on  chemical  action,  is  to  be  ascribed  to  the  opera- 
tion of  some  of  the  preceding  causes,  and  particularly  to 
the  changes  which  heat  and  cold  produce  on  the  cohesion 
and  the  elasticity  of  bodies.  Its  effect,  however,  is  more 
frequently  compounded  of  the  two,  or  arises  from  the 
changes  produced  on  the  cohesion  and  elasticity  at  the 
same  time.  On  this  account,  it  requires  a  separate  state- 
ment ;  and  this  also  is  demanded  by  the  importance  of 
the  subject. 

In  general,  the  application  of  heat  favours  combina- 
tion j  or  two  bodies,  which,  at  a  low  temperature,  do  not 
act  on  each  other,  combine  when  their  temperature  is  rai- 
sed ;  and  with  regard  to  many  substances,  it  is  necessary 
that  it  should  be  raised  even  to  ignition,  to  effect  their 
combination. 
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Where  one  or  both  of  the  bodies,  whose  combination 
is  promoted  by  heat,  are  melted  by  its  operation,  it  is  easy 
to  perceive  to  what  cause  its  influence  is  to  be  ascribed  ; 
it  must  be  to  its  overcoming  the  cohesion  of  the  fused 
substance,  and  thus  removing  an  obstacle  to  the  exertion 
of  affinity.  But  there  are  many  cases  in  which,  without 
fusing  bodies,  or  producing  any  change  on  their  forms, 
heat  still  favours  their  combination,  as  in  the  solutions  of 
ealts  in  water,  the  mutual  action  of  earths,  the  combina- 
tions of  metals  and  solid  inflammables  with  oxygen,  and 
many  others.  In  these,  it  is  still  to  be  regarded  as  ope- 
rating, by  so  far  lessening  the  cohesion  of  the  solid  mat- 
ter. Every  degree  of  heat  communicated  to  a  solid  sub- 
stance, weakens  its  cohesion,  though  it  may  not  be  capa- 
ble of  overcoming  it  to  that  extent,  as  to  cause  it  to  pass 
into  the  fluid  form  ;  and  this  diminution  of  cohesion,  may 
so  far  remove  the  obstacle  to  combination,  that  if  a  power- 
ful affinity  exist  between  the  bodies,  it  may  be  exerted 
with  effect. 

The  power  of  heat,  however,  In  thus  favouring  combi- 
nation, by  diminishing  cohesion,  is  frequently  counteract- 
ed by  its  increasing  at  the  same  time  elasticity.  If  an  e- 
lastic  fluid  is  to  be  combined  with  a  solid,  the  obstacles 
to  the  exertion  of  their  mutual  attraction,  are  the  cohesion 
of  the  one  and  the  elasticity  of  the  other.  Heat  will  di- 
minish the  former,  but  it  will  also  augment  the  latter ; 
•  and  so  far  as  the  one  eff'ect  would  favour  combination, 
the  other  will  oppose  it.  Hence,  if  the  affinity  existing 
between  these  substances  is  not  strong,  it  may  not  be  pos- 
sible to  effect  their  combination,  by  raising  their  tempe- 
rature, as  is  the  case,  for  example,  in  exposing  gold  or 
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silver  to  oxygen  gas.  Or  if  at  one  degree  of  temperature 
they  have  combined  together,  the  exposing  the  compound 
to  a  still  higher  temperature,  may  again  separate  them,  as 
is  the  case  with  quicksilver  and  oxygen.  Hence  also,  if 
the  cohesion  is  lessened  by  other  means,  the  combination 
may  be  effected  at  a  moderate  temperature,  as  we  observe 
in  the  facility  with  which  metallic  alloys,  and  especially  al- 
loys of  the  metals  with  quicksilver  combine  with  oxygen, 
compared  with  the  same  metals  in  their  pure  state.  Their, 
cohesion  is  so  far  lessened  in  these  combinations,  that  a 
moderate  heat  is  sufficient  to  diminish  it  to  that  degree, 
that  even  with  the  augmentation  of  elasticity  in  the  oxy- 
gen gas,  which  the  heat  causes  at  the  same  time,  the  re- 
sistance to  the  exertion  of  attraction  is  on  the  whole  les- 
sened, and  the  substances  combine. 

Even  the  same  operation,  to  a  certain  extent,  may  in- 
fluence the  mutual  action  of  inelastic  substances.  If  the 
action  of  a  fluid  on  a  solid  be  aided  by  heat,  the  whole  ef- 
fect arising  from  the  diminution  of  cohesion  in  the  solid 
may  not  be  obtained,  as  it  may  partly  be  counteracted, 
from  the  expansion  produced  at  the  same  time  in  the 
fluid,  and  if  the  fluid  be  highly  expansible  or  volatile,  this 
may  considerably  weaken  the  energy  of  its  affinity. 
To  the  operation  of  heat  on  cohesion  and  elasticity, 
'  now  described,  are  to  be  attributed  the  differences  of  affi- 
nity between  the  same  substance,  when  exerted  in  the  hu- 
mid way  or  by  the  medium  of  solution,  and  in  the  dry 
way  or  by  exposure  to  heat.  In  the  -former,  cohesion  is 
counteracted,  while  the  elasticity  of  any  of  the  ingredients 
is  not  affected  ;  in  the  latter,  if  the  one  power  is  dimi- 
nished, the  otlier  is  augmented,  and  this  is  frequently  suf- 
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ficient  to  change  the  results.  Bergman  pointed  out  this 
operation  of  heat  on  elasticity,  as  modifying  the  affinities 
exerted  under  these  different  circumstances  *. 

A  high  temperature,  or  the  application  of  heat.  Is  e- 
qually  powerful  in  favouring  chemical  decomposition. 
Many  substances  remain  in  union  within  a  considerable 
range  of  temperature ;  but  if  the  temperature  be  raised 
beyond  a  certain  point,  the  attraction  by  which  they  were 
united  is  weakened,  they  separate,  and  the  compound  Is 
decomposed.  Such  decompositions  from  a  high  temper- 
ature take  place  generally,  perhaps  always,  in  those  com- 
pounds, one  of  the  ingredients  of  which  exists  when  un- 
combined  in  the  aeriform  state.  Hence,  the  operation 
of  heat  In  occasioning  them  is  evidently  owing  to  its 
favouring  the  elasticity  of  this  Ingredient,  acting  on  it 
with  greater  effect  than  on  the  other,  and  by  the  distance 
at  which  it  places  the  particles  overcoming  their  mutual 
attraction. 

In  some  cases  of  decomposition  favoured  by  heat,  the 
attraction  of  a  third  body  is  introduced  ;  but  the  explan- 
ation of  the  agency  of  the  high  temperature  Is  still  the 
same.  By  adding  to  the  elasticity  of  the  more  volatile 
ingredient,  It  weakens  Its  affinity,  and  hence  favours  the 
combination  of  the  two  substances  which  are  more  fixed. 
From  this  it  is  evident,  that  it  cannot  be  inferred,  from 
£uch  decompositions,  that  the  affinity  of  the  decomposing 
substance  has  been  superior  to  the  affinity  of  the  sub- 
stance which,  with  the  aid  of  heat,  it  has  expelled  from 
the  combination. 


Dissertation  on  Elective  Attractions,  p.  15. 
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On  the  same  principle,  heat  often  promotes  the  mutual 
decomposition  of  two  compounds  mixed  together,  favour- 
ing the  union  of  the  two  more  volatile  ingredients,  and 
thus  allowing  an  attraction  to  be  exerted  with  less  resist- 
ance between  the  two  which  are  comparatively  fixed. 

In  all  cases,  therefore,  in  which  heat  favours  chemical 
action,  it  does  so  by  the  change  it  occasions  in  the 
cohesion  or  in  the  elasticity  of  the  bodies  concerned; 
but  the  one  of  these  often  modifies  the  effect  which 
would  result  from  the  other,  and  thus  this  power,  in 
many  cases,  apparently  produces  opposite  efi^ects.  In  a 
certain  degree  it  will  favour  combination,  and  in  a  still 
higher  degree  it  will  occasion  the  decomposition  of  the 
very  substances  it  had  enabled  to  combine  ;  and  it  is 
only  by  considering  these  in  combination,  that  we  obtain 
a  just  theory  of  its  operation. 

The  same  view  is  to  be  taken  of  the  operation  of  a  low 
temperature  or  of  cold  on  chemical  action.  By  diminish- 
ing elasticity,  it  frequently  favours  combinations  j  and  in 
other  cases,  by  increasing  cohesion,  it  may  determine 
combinations,  or  may  subvert  existing  afilnities,  and  give 
rise  to  decompositions.  And  in  the  same  case,  it  may 
Iiappen,  that  both  qualities  may  be  affected,  and  may  pro- 
duce results,  which,  if  this  were  not  attended  to,  would 
not  be  expected.  By  a  low  temperature,  we  may  thus 
promote  the  combination  of  an  aeriform  body  with  a 
liquid  ;  but  if  we  reduce  the  temperature  too  low,  that 
is,  near  to  the  point  at  which  the  liquid  congeals,  the  ad- 
ditional force  given  to  cohesion  may  counteract  the  effect 
arising  from  the  diminution  of  elasticity,  and  may  impede 
the  combination.    Or  if  the  temperature  be  reduced  so 
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low  as  actually  to  freeze  the  fluid,  an  aeriform  body  held 
in  solution  by  it  may  be  expelled,  owing  to  the  cohesion 
acquired  by  the  congelation. 

The  circumstances  now  enumerated,  not  only  influence 
the  exertion  of  chemical  attraction  as  to  its  force,  but 
also  as  to  its  rapidity.  "Where  the  cohesion  of  a  body  is 
great,  it  will  be  more  slowly  acted  on  by  a  fluid  than  if 
the  cohesion  were  less  considerable  :  hence  the  utility  of 
those  operations  which  diminish  aggregation,  in  promot- 
ing chemical  action.  It  is  obvious,  also,  that  chemical 
action  must  be  slower  when  resulting  from  a  weak  than 
when  arising  from  an  energetic  attraction;  and,  for  the 
same  reason,  as  the  force  of  attraction  diminishes  as 
bodies  approach  to  saturation,  a  chemical  action  which 
at  its  commencement  may  be  rapid  and  violent,  must  in 
its  progress  become  more  slow.  Agitation  hastens  the 
chemical  action  of  a  solid  or  a  liquid,  by  removing  from 
the  surface  of  the  solid  the  portion  of  the  liquid  already 
saturated  with  it,  and  which,  from  its  greater  specific 
gravity,  would  otherwise  remain  covering  it,  and  protect- 
ing it  from  the  action  of  the  rest  of  the  liquid.  And,  on 
a  similar  principle,  agitation  accelerates  the  combination 
of  an  aeriform  body  with  a  liquid,  renewing  the  surface, 
and  distributing  with  uniformity  the  combination  over  the 
whole  mass.  Lastly,  a  high  temperature  renders  chemi- 
cal action  more  rapid,  by  diminishing  or  removing  those 
circumstances  by  which  affinity  is  counteracted. 

It  is  often  necessary  to  attend  to  the  slowness  of  che- 
mical action  to  avoid  erroneous  conclusions  ;  substances, 
which,  when  mixed  together,  give  no  indication  of 
mutual  action,  acting  and  producing  even  complete 
changes  when  sufficient  time  is  allowed. 
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From  the  important  influence  of  the  circumstances  by 
which  chemical  attraction  is  counteracted,  it  is  obvious, 
that  we  cannot  infer,  with  regard  to  any  two  bodies,  that 
they  have  no  mutual  attraction;  since,  although  they  can- 
not be  combined,  this  may  arise,  not  from  the  absence  of 
attraction,  but  from  the  influence  of  one  or  other  of  the 
circumstances  by  which  that  power  is  modified,  and 
which  may  entirely  predominate  over  a  weak  affinity. 
The  principle  is  even  probable,  a  priori,  that  attractions 
exist  between  the  particles  of  every  kind  of  matter.  Note 
(A  c). 


SECT.  IV. — Of  the  Modification  j)f  JJfinities  resulting  from 

Combination, 

From  the  influence  of  the  forces  enumerated  in  the 
preceding  section,  on  the  exertion  of  chemical  affinity, 
combined  with  the  conclusion  that  all  bodies  have  attrac- 
tions to  each  other,  it  follows  as  a  very  probable  conclu- 
sion, that  the  affinities  exerted  by  compounds  may  be 
merely  the  affinities  of  their  constituent  principles,  modi- 
fied by  the  conditions  in  which  they  exist  in  the  com- 
pound. The  affinities  of  Rie  compound  are  often,  indeed, 
extremely  different  from  those  of  its  elements,;  but,  when 
the  important  influence  of  saturation,  of  cohesion,  and  of 
elasticity,  are  considered,  these  circumstances  will  perhaps 
be  found  sufficient  to  account  for  such  differences,  by  the 
changes  they  necessarily  must  produce  in  the  elementary 
affinities. 

The  subject  has  accordingly  been  considered  under  this- 
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point  of  view  by  BerthoIIet,  and  he  has  pointed  out  these 
circumstances,  as  modifying,  in  a  combination,  the  affini- 
ties of  its  elements. 

Thus,  it  is  obvious,  that  the  action  of  substances  dimi- 
nishing in  proportion  to  their  saturation,  the  affinities  of 
a  compound  must,  from  this  cause,  be  in  general  less 
strong  than  those  of  its  constituent  parts.  Other  circum- 
stances may  at  the  same  time  either  counterbalance  this, 
and  render  the  affinities  actually  more  energetic,  or  on  the 
other  hand  may  concur  with  saturation  in  diminishing 
their  force. 

Thus,  if  one  of  the  substances  combining,  pass  from 
the  solid  to  the  liquid  state,  it  acquires  the  advantages 
derived  from  liquidity,  and  its  affinities,  formerly  coun- 
teracted by  its  cohesion,  may  now,  notwithstanding  its 
combination,  be  exerted  with  more  effect.  Or,  if  elastic 
substances,  by  combination,  form  a  liquid  compound,  the 
advantage  gained  by  tliis  condensation  and  removal  of 
elasticity,  may  more  than  counterbalance  the  diminution 
of  force  from  combination,  and  may  thus  render  their 
affinities  both  more  powerful  and  more  extensive  in  their 
action. 

On  the  other  hand,  if  the  result  of  a  combination  is  the 
transition  of  a  substance  into  the  concrete  state,  the  cohe- 
sion acquired  will  concur  with  the  saturation  in  diminish- 
ing the  energy  of  its  action  i  as  may  also  its  elasticity  in 
its  transition  from  the  liquid  to  the  gaseous  form. 

"We  thus  perceive  how,  supposing  the  affinities  of  sub- 
stances to  remain  In  their  combinations,  they  may  still  be 
altogether  different  from  what  they  were  in  their  insul- 
ated state.    Berthollct  has  stated  a  number  of  facts  from 
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the  details  of  chemistry,  which  accord  extremely  well 
with  these  views,  and  of  which  a  few  are  mentioned, 
Note  (A  d). 

The  action  which  proceeds  from  several  afiinities  in 
the  same  substance,  thus  balanced,  is  termed  by  Bertliollct 
RESULT1N6  AFFINITY,  in  Opposition  to  the  individual  af- 
finities belonging  to  the  principles  of  a  compound,  which 
he  names  elementary.  The  affinities  exerted  by  wa- 
ter, which  is  a  compound  substance,  may  be  named  re- 
sulting, though  the  elementary  affinities  of  its  constituent 
principles  may  also  be  sometimes  separately  exerted.  As 
chemical  action  is  reciprocal,  the  name  of  Resulting  Affi- 
nity is  likewise  given  by  this  chemist  to  the  attraction 
which  a  simple  substance  exerts  to  a  compound  when  it 
does  not  change  the  composition  of  the  compound.  Thus, 
a  substance  exerting  an  attraction  to  one  of  the  principles 
of  water,  exerts  an  elementary  affinity  ;  when  it  exerts  at- 
tractions to  both,  in. other  words,  to  the  compound  itself, 
the  affinity  is  resulting. 

At  the  same  time,  these  modified  affinities  in  a  com- 
pound, though  they  may  be  traced  from  those  of  its  con- 
stituent parts,  should  still  be  regarded  as  a  single  and  in- 
tegral force,  operating  as  such  while  the  body  remains 
undecomposed ;  and  we  may  speak  with  equal  propriety 
of  the  affinity  of  a  compound,  as  of  the  affinity  of  a  sim- 
ple substance. 

The  question  now  stated  is  not  merely  a  theoretical 
one,  but  leads  to  some  important  results.  It  in  particular 
enables  us  to  explain  some  anomalous  cases  of  chemical 
action; — those  which  have  been  classed  under  what  is 
named  Disposing  Alfinity,  and  which  appear  to  arise  prin- 
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cipally  from  the  modifications  produced  in  elementary  af-* 
finities  by  combination. 

The  actions  which  have  been  thuS  classed  together  are 
of  a  very  peculiar  kind.  In  a  number  of  cases,  two  bo- 
dies are  found  incapable,  under  given  circumstances,  of 
combining  together ;  but  the  circumstances  still  remain- 
ing the  same,  their  combination  is  effected  by  the  addition 
of  a  third  body,  though  it  has  no  apparent  attraction  to 
either  of  the  others  ;  or  at  least  none  which,  by  any  ob- 
vious operation,  can  facilitate  their  union.  It  has  been 
observed,  indeed,  that  the  substance  which  thus  predis- 
poses to  the  combination,  or  exerts  the  disposing  affinity, 
has  an  attraction  to  the  compound  formed  by  the  combi- 
nation of  the  others,  and  to  this  attraction  its  agency  has 
been  ascribed,  very  absurdly,  since  the  attraction  which  it 
might  exert  to  a  substance  if  it  were  formed,  cannot  be 
a  cause  of  the  formation  of  that  substance. 

Sulphur  is  incapable,  at  any  natural  temperature,  of 
combining  with  oxygen  ;  but  if  it  be  combined  with  lime, 
and  the  compound  dissolved  in  water,  it  attracts  oxygen 
with  facility.  The  lime,  therefore,  is  said  to  exert  a  dis- 
posing affinity.  The  rationale  of  this  case  appears  to  be, 
that  the  sulphur,  by  this  combination  with  lime,  and  its 
solution,  loses  its  cohesion,  and  thus  one  obstacle  is  re- 
moved to  its  union  with  the  oxygen,  without  the  elastici- 
ty of  that  oxygen  being  increased,  which  it  would  be, 
were  the  sulphur  rendered  fluid  by  heat.  At  the  same 
time,  its  combination  with  that  principle  will  be  favoured 
by  the  affinity  of  the  lime  to  the  oxygen,  which,  though 
feeble,  still  exists ;  or  a  resulting  affinity,  which  the  cir- 
cumstances of  this  combination  render  more  powerful 
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than  the  elementary  afiinities,  is  established,  the  tendency 
of  which  is  to  unite  the  sulphur,  oxygen,  and  lime,  and 
accordingly  this  combination  is  effected. 

Water  is  a  compound  of  oxygen  and  hydrogen.  Iron 
lias  an  affinity  to  oxygen  ;  but,  under  the  circumstances 
which  exist,  not  sufficient  to  decompose  water  with  any 
sensible  celerity  at  a  common  temperature.    But,  if  a  lit- 
tle sulphuric  acid  be  added,  the  dccompositron  of  the  wa- 
ter by  the  iron  commences,  an.!  proceeds  rapidly,  the  iron 
receives  oxygen,  and  the  compound  thus  formed  com- 
bines with  the  acid.    In  this  case  also  the  acid  is  said  to 
operate  by  a  disp  '>sing  affinity.    Its  agency  is  ascribed  by 
Berthollet,  to  the  tendency  it  has  to  combine  with  the 
iron,  and  with  a  portion  of  oxygen,  which  co-operating 
with  the  attraction  of  the  iron  also  to  the  oxygen,  these 
'concurrent  affinities  cause  the  decomposition  of  the  wa- 
ter i  and  a  combination  of  the  acid,  the  iron,  and  the  oxy- 
gen abstracted  from  the  water,  is  formed. 

"  All  the  effects  of  affinity  which  have  been  termed 
*f  Predisposing^  may  be-ascribed  to  this  union  of  forces." 


SECT.  V. — On  the  Limits  to  the  Exertion  of  Chanical  Attrac- 
tion. 

The  attraction  exerted  from  one  body  to  another,  may 
be  limited  to  certain  proportions,  in  which  only  they  ar6 
disposed  to  combine  ;  and  the  attractions  of  any  individual 
substance  to  others,  may  be  limited  as  to  the  number  with 
which  it  can  enter  into  simultaneous  combinations.  These 
form  two  subjects,  distinct  from  each  other,  but  both 
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comprised  under  the  subject  of  the  present  section— the 
limits  observed  in  the  exertion  of  chemical  attraction. 

I.  In  the  greater  number  of  chemical  combinations, 
there  are-  limits  to  the  attraction  which  is  exerted,  with 
regard  to  proportion  or  quantity ;  or  the  substance's  are 
not  in  general  capable  of  combining  hi  indefinite  quanti- 
ties, but  can  be  united  only  in  precise  or  determinate 
proportions. 

Under  this  proposition,  which  has  been  stated  even  as 
a  law  of  chemical  attraction,  I  have  formerly  arranged  the 
following  varieties  of  the  general  fact. 

In  the  first  place,  there  are  many  bodies  which  have  a 
strong  mutual  attraction,  but  which  exert  it  with  effect 
in  such  a  manner  as  invariably  to  unite  them  in  one  de- 
terminate proportion  ;  nor  is  it  possible  to  combine  thern 
in  any  other,  in  whatever  quantities  we  present  them  to 
each  other.  If  an  excess  of  either,  above  this  proportion 
be  present,  it  remains  uncombined,  and  of  course  with  its 
properties  unimpaired.  The  constituent  principles  of 
water  afford  an  illustration  of  this  variety  of  combination, 
and  it  Is  exemplified  in  several  others. 

2fi?A/,  There  are  cases  in  which  bodies  combine  In  more 
than  one  determinate  proportion.  In  two,  three,  or  perhaps 
four ;  but  in  the  proportions  Intermediate  between  these, 
no  combination  can  be  effected.  The  constituent  princi- 
ples of  our  atmosphere,  oxygen  and  nitrogen,  afford  an 
example  of  this  variety  of  combination.  When  brought 
into  intimate  combination,  they  unite  in  at  least  three  de- 
terminate proportions  ;  37  of  oxygen  may  be  combined 
with  63  of  nitrogen,  forming  one  compound  j  56  of  o::y- 
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gen  may  be  combined  with  44-  of  nitrogen,  forming  ano- 
ther compound ;  and  there  can  be  effected  still  another 
combination  of  these  principles,  in  the  proportion  of  70.5 
with  29.5.  But  they  cannot  be  combined  in  any  other 
quantities  than  these ;  and  if  presented  to  each  other  in 
difFerent  proportions,  and  placed  under  the  circumstances 
favourable  to  their  union,  it  will  always  take  place  in  one 
of  these  determinate  quantities.  The  same  law  is  observ- 
ed in  the  combinations  of  many  other  substances. 

The  compounds  formed  by  these  combinations  of  the 
same  principles  in  different  proportions,  differ  always  in 
their  properties  from  each  other,  and  frequently  the  dif- 
ferences are  as  great  as  between  compounds  formed  of 
principles  perfectly  dissimilar.  Nearly  all  the  varieties  of 
properties  among  the  substances  belonging  either  to  the 
vegetable  or  animal  kingdom,  are  to  be  ascribed  princi- 
pally to  this  cause.  They  consist  of  the  same  principles, 
and  derive  their  dlstinctli'e  properties  chiefly  from  the 
proportions  in  which  these  are  combined. 

There  is  a  third  variety  of  the  exertion  of  chemical  at- 
traction, that  in  which  it  is  unlimited  to  a  certain  extent, 
beyond  which  the  power  of  combination  ceases.  This  is 
illustrated  by  the  solution  of  a  salt  in  water.  Here  deter- 
minate proportions,  and  a  succession  of  compounds,  are 
not  observed.  Any  quantity  of  the  salt,  up  to  a  certain 
proportion,  may  be  combined  with  the  water;  but  if  we 
proceed  adding  more  and  more  salt,  we  at  length  arrive 
at  a  point  beyond  which  we  cannot  proceed;  attraction  is 
no  longer  exerted,  and  any  quantity  of  salt  that  may  be 
added  remains  undissolved. 

Lastly^  There  are  cases  of  combination  absolutely  un- 


OR  ATFIXITY. 


103 


limited,  or  in  which  bodies  will  combine  together,  in 
whatever  proportion  they  are  presented  to  each  other. 
This  is  observed  principally  in  the  combinations  of  fluids 
with  each  other,  where  the  result  of  the  combination  is  a 
substance  still  existing  in  the  fluid  form,  as  in  the  exam- 
ple of  alkohol  and  water. 

When  combination  takes  place  in  different  proportions, 
it  often  happens,  that,  in  a  certain  proportion,  the  proper- 
ties of  the  bodies  are  mutually  neutralized,  or  the  com- 
pound retains  the  more  distinctive  properties  of  neither  of 
its  component  parts ;  while  in  other  proportions,  where 
there  is  an  excess  of  either  ingredient,  its  properties  may 
be  recognised,  weakened  perhaps,  but  still  to  a  certain 
degree  energetic  in  the  compound.  The  proportion  in 
which  the  properties  are  mutually  lost,  is  termed  that  of 
Saturation^  and  the  two  substances  are  said  to  be  mutually 
saturated  or  neutralized.  The  term  saturation  has  also 
been  understood  in  another  sense ;  cr  it  has  been  used  to 
denote  that  extreme  of  combination  in  which  a  body  is 
combined  with  the  largest  proportion  of  another;  as, 
when  water  has  dissolved  the  largest  proportion  of  salt 
which  it  can  do,  it  is  said  to  be  saturated.  These  two 
points,  that  of  the  neutralization  of  properties,  and  that 
of  the  extreme  of  combination,  seldom  coincide.  It 
would  be  better  to  apply  the  term  neutralization  to  the 
former,  and  restrict  that  of  saturation  to  the  latter. 

Such  are  the  classes  of  facts  to  be  arranged  under  the 
general  proposition.  There  are  some  bodies  which  can 
be  combined  together  in  only  one  proportion  j  there  are 
others  which  may  be  combined  in  two,  three  or  four  dc- 
tt^rminate  proportions ;  some  have  a  power  of  combin^-r 
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tion,  unlimited  to  a  certain  .extent,  beyond  which  the 
capability  of  combination  ceases :  and  lastly,  there  are  a 
r.umber  of  bodies  between  which  combination  takes  place 
in  every  possible  proportion. 

It  were  desirable  to  reduce,  if  possible,  these  varieties 
of  combination  to  some  general  principle.  On  this  sub- 
ject, however,  scarcely  any  theory  has  been  proposed. 
"When  substances  combined  in  determinate  proportions, 
it  was  considered  merely  as  an  attribute  of  chemical  af- 
finity thus  to  limit  proportions  ;  nor  was  it  attempted  to 
be  explained,  why  this  limitation  should  be  effected  in 
such  various  modes,  or  why,  in  some  cases,  it  did  not 
take  place.  BerthoUet  has  endeavoured  to  solve  this  pro- 
"  blem,  and  to  point  out  the  causes  on  which  the  limita- 
tion of  affinity  with  regard  to  proportion  depends. 

The  principle  on  which  he  proceeds  is,  that  chemical 
action  being  exerted  in  the  ratio  of  the  affinity  and  quan- 
tities of  the  substances  concerned,  there  is  no  point  at 
which  it  ceases  to  operate  j  that,  in  all  cases,  therefore, 
bodies  are  disposed  to  combine  without  limitation,  or  in 
every  possible  proportion  ;  and  limits  are  placed  to  the 
combination,  or  determinate  proportions  established  only 
by  the  interference  of  foreign  forces,  cohesion,  elasticity, 
or  some  other  of  those  circumstances,  which,  it  has  been 
shewn,  so  powerfully  modify  chemical  action. 

AVhere  circumstances  of  this  kind  do  not  interfere 
with  much  force,  as  in  the  mutual  action  of  two  liquids, 
the  result  of  which  is  a  substance  still  existing  in  the  li- 
quid state,  combination  in  general  takes  place  in  every 
proportion.  When  cohesion  or  elasticity  is  present  in 
the  subjects  of  the  combination,  as  in  the  action  of  a  h- 
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quid  on  a  scjHd,  or  in  the  absorption  of  an  aeriform  sub- 
stance bv  a  liquid,  these  forces  limit  the  quantity  of  the 
solid  that  can  be  dissolved,  or  of  the  air  that  is  absorbed, 
in  the  manner  already  explained,  the  affinity  producing 
.the  combination,  diminishing  in  force  as  the  combination 
proceeds,  while  the  cohesion  of  the  remaining  solid,  or 
the  elasticity  of  the  unabsorbed  air,  continues  a^  at  first, 
and  therefore  an  equilibrium  must  be  arrived  at,  when 
the  combination  will  cease.  Up  to  that  period,  therefore, 
it  may  take  place  in  indeterminate  proportions ;  but 
when  it  is  reached,  a  limit  is  placed,  beyond  which  it 
cannot  proceed.  Lastly,  When  in  the  progress  of  com- 
bination, the  result  in  any  part  of  it  is  great  condensa- 
tion this,  by  the  obstacle  it  may  oppose  to  the  exertion 
of  affinity,  or  even  from  the  greatness  of  the  condensa- 
tion, by  withdrawing  the  product  from  the  sphere  of  ac- 
tion, may  limit  the  combination  to  that  point,  or  to  the 
proportion  at  which  this  effect  is  greatest ;  or  if,  by  par- 
ticular circumstances,  this  is  overcome,  in  the  further 
progress  of  the  combination,  it  may  again  happen  ;  and, 
in  this  way,  compounds,  in  two  or  three  determinate  pro- 
portions, may  be  formed.  The  further  illustration  of 
these  explanations  may  be  introduced  with  more  pro- 
priety in  a  note  ;  as  may  also  the  notice  of  an  opposite 
doctrine,  lately  advanced  by  Mr  Dalton  and  some  other 
chemists,  founded  on  the  principle,  that  bodies  unite  in 
proportions  rendered  determinate  by  the  immediate  ex- 
ertion of  their  mutual  attraction.  Note  (A  e). 


.  The  attractions  of  any  body  towatds  others,  may  be 
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limited  as  to  the  number  with  which  it  can  enter  into 
simultaneous  combination. 

Chemical  attraction  has  hitherto  been  considered  as 
exerted  between  two  bodies.  It  may  be  exerted,  how- 
ever, between  more  than  two,  or  may  bring  three  or  four 
subitances  into  one  combination. 

,  If  three  substances  are  placed  within  the  sphere  of 
chemical  action,  it  generally  happens,  either  that  two  of 
them  combine,  to  the  exclusion  of  the  third,  or  that  ono 
is  combined  with  each  of  the  others,  being  divided  be- 
tween them  in  proportions  determined  by  their  affinities 
and  quantitie's  ;  and  thus  two  distinct  compounds  are 
formed.  In  some  cases,  however,  instead  of  either  of 
these  varieties  of  combination,  the  three  substances  have 
their  affinities  mutually  balanced,  in  such  a  manner  that 
they  enter  into  simultaneous  combination,  and  form  only 
one  compound.  Even  four,  five,  or  perhaps  more  sub- 
stances, may  be  thus  combined  together.  •  Such  combin- 
ations are  named  Ternary,  Quaternary,  &c.  according  to 
the  number  of  their  constituent  parts. 

"We  have  numerous  examples  of  such  combinations  a- 
mong  the  metals.  If  three  or  four  metals  be  fused  to- 
gether,  they  often  unite,  and  form  one  uniform  com- 
pound. We  have  also  frequent  examples  of  ternary  com- 
binations among  the  salts,  one  acid  being  saturated  by  tlie 
joint  action  of  two  bases. 

Nature,  too,  presents  us  with  a  number  of  such  com- 
binations. Nearly  all  the  substances  belonging  to  the 
vegetable  kingdom  are  compounds  of  at  least  three  prin- 
ciples ;  and  the  composition  of  the  animal  products  is 
still  more  complicated,  four  or  five  principles  being  com' 
bined  in  their  formation. 
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These  combinations  appear  to  take  place  principally  a- 
mong  bodies  in  which  the  mutual  attractions,  under  given 
circumstances,  are  nearly  of  the  same  force,  and  where 
the  binary  compounds  they  would  form,  do  not  differ 
much  from  each  other  in  cohesion,  or  the  other  qualities 
which  influence  combination.    Did  the  attraction  of  one 
ingredient  to  any  of  the  others  much  exceed  their  mutual 
affinities,  it  would  probably  give  rise  to  an  insulated  bi- 
nary compound  ;  or  did  the  compound  resulting  from  the 
union  of  any  two  of  the  ingredients,  differ  much  in  its 
constitution  from  those  formed  by  the  others,  this  circum- 
stance would  determine  the  chemical  action,  and  cause 
the  separation  of  such  a  compound.    But  vi'here  neither 
of  these  circumstances  is  present,  the  affinities  maybe 
balanced,  and  give  rise  to  one  combiiiation.    Hence,  pro- 
bably, their  formation  mrire  peculiarly  in  the  vessels  of 
vegetables  and  animals,  where,  fverh-the  constant  motion 
and  agitation  to  which  they  are  subjected,  the  compres- 
sion under  which  they  are  placed,  ^artd  the  smallness  of 
the  mass  in  which  the  affinities  operate,  the  circumstances 
of  cohesion  and  elasticity  are  in  a  great  measufe  prevent- 
ed fi-om  operating,  and  giving  rise,  as  they  otherwise 
would  do,  to  binary  combinations.    It  appears  to  follow, 
indeed,  from  the  speculations  of  Berthollet,  that  in  all 
cases  where  substances  may  be  mixed  together,  in  what- 
ever number,  the  tendency  is,  to  form  an  individual  com- 
bination, in  which  the  forces  will  be  reciprocally  balan- 
ced ;  and  that'binary  combinations  are  determined  only 
by  the  interference  of  cohesion,  elasticity,  or  the  other  ex- 
ternal circumstances  by  which  chemical  action  is  modi- 
fied. 
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SI^C'T.  VI. — Of  the  Forces  with  which  Chemical  AtliULlicn  in 

exerted. 

All  the  phenomena  of  chemistry  concur  in  proving, 
tliat  difTerent  bodies  exert  different  forces  of  affinity  ;  and 
could  these  forces  be  accurately  determined,  the  science 
might  rest  on  the  basis  of  calculation.  The  subject  of 
the  present  section  is  therefore  highly  interesting,  though 
it  is  also  considerably  complicated  and  obscure. 

It  is  first  necessary  to  explain  the  doctrines  of  Single 
and  Double  Elective  Attraction,  the  phenomena  of  which 
hav-e  usually  been  referred  to  the  relative  forces  of  affini- 
ty exerted  among  bodies.  In  consequence  of  the  attrac- 
tions which  one  body  has  to  others,  numerous  series  of 
combinations  may  be  formed ;  but,  from  its  attractions, 
differing  in  force,  these  combinations,  it  has  been  suppo- 
sed, can  be  subverted,  and  the  compounds  formed  decom- 
posed. 

Suppose  A  have  to  B  a  force  of  affinity,  which,  under 
given  circumstances,  may  be  said  to  be  equal  to  6.  If 
presented  to  each  other,,  and  there  he  no  effectual  obsta- 
cle to  the  exertion  of  this  attraction,  they  will  enter  into 
combination,  and  form  the  compound  A  B.  But  suppose 
C,  a  third  body,  have  an  attraction  to  A,  which,  under 
the  same  circumstances,  is  equal  to  8;  when  C  is  present- 
ed to  the  compound  A  B,  it  will  decompbse  it,  A  and  C 
will  unite,  and  form  a  new  compound,  and  B  v/ill  be  se- 
parated in  an  uncombined  state.  A  decomposition,  it  is 
evident,  would  also  have  equally  taken  place,  if  C,  instead 
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of  exerting  a  superior  attraction  to  A,  had  exerted  it  to  B, 
these  two  would  have  conabined,  and  A  would  have  been 
separated. 

This  forms  what  the  chemists  have  been  accustomed 
to  term  Single  Elective  Attraction.  Every  substance  has 
attractions  towards  others,  and  is,  therefore,  capable  of 
combining  with  them.  But  it  does  not  exert  the  ten- 
dency to  combination  with  the  same  force  to  all  on  the 
contrary,  this  tendency  is  greater,  as  exerted  to  some 
than  to  others,  and  to  each  is  different  in  its  degree.  If> 
therefore,  the  body  be  combined  with  one  to  which  it 
has  a  weak  affinity,  the  compound  which  is  formed  will 
be  decomposed,  it  is  supposed,  by  the  addition  of  any 
body  to  which  it  has  a  stronger  attraction  ;  the  two  com- 
bining, between  which  the  attraction  is  strongest,  and 
excluding  the  other.  Hence  arise  an  extensive  series  of 
decompositions,  and  hence  is  derived  the  power  which 
the  chemist  has  of  recovering  the  substances  he  has 
combined  together,  and  of  obtaining  also  the  simple  ele- 
ments of  which  the  products  of  nature  are  formed. 

It  is  to  be  carefully  attended  to,  however,  as  a  matter 
of  fact,  that  in  these  cases  of  single  elective  attraction, 
there  is  generally  a'  partition  of  action,  whence  the  de- 
compositions are  not  complete.  When  the  compound 
A  B  is""  decomposed,  by  C  exerting  an  attraction  to  A,  in 
proportion  as  A  is  abstracted  by  C,  the  affinity  of  B  to 
A  is  increased  by  its  quantity,  and  hence  it  retains  a  pro- 
portion of  it  still  combined  ;  and  it  is  only  in  cases  where 
the  agency  of  C  is  strongly  favoured  by  the  circumstances 
influencing  chemical  action,  that  a  complete  decompo- 
sition of  A  B  will  be  obtained.    Frequently,  too,  the  in- 
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gredient  of  a  compound  which  is  excluded,  attracts  a 
portion  of  the  decomposing  substance,  and  is  from  this 
cause  not  obtained  pure. 

When  this  difference  in  the  relative  forces  of  attrac- 
tion was  observed,  it  was  a  very  obvious  idea  to  construct 
tables  in  which  they  might  be  represented,  as  far  as  they 
•were  ascertained  by  experiment.  This  was  first  done  by 
GeofFroy,  a  French  chemist,  in  1718,  and  since  his  time 
the  labours  of  many  chemists  have  been  directed  towards 
correcting  and  extending  these  tables.  Their  construc- 
tion is  extremely  simple.  The  substance  whose  attrac- 
tions are  to  be  enumerated,  is  placed  at  the  head  of  a 
column,  and  the  different  substances  to  which  it  has  an 
attraction  are  placed  beneath  it,  in  the  order  of  the  forces 
of  attraction,  the  substance  to  which  it  lias  the  strong- 
est attraction  being  immediately  under  it,  the  others  fol- 
lowing -in  that  order,  and  the  one  to  which  it  has  the 
weakest  attraction  of  course  closing  the  column.  Thus 
the  attractions  of  lime  and  of  mutiatic  acid,  are  repre- 
sented in  the  following  tables,  to  the  substances  named 
in  them. 

Lime.  Muriatic  Acid. 


Oxalic  acid.  Barytes. 

Sulphuric  acid.  Potassa. 

Tartaric  acid.  Soda. 

Phosphoric  acid.  Lime. 

Nitric  acid.  Ammonia. 

Muriatic  acid.  Magnesia. 
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Bergman  undertook  the  task  of  extending  and  correct- 
ing the  tables  of  single  elective  attraction,  which  had  be- 
fore been  constructed  ;  and  since  his  time  some  additions 
have  been  made  to  them.  Though  their  utility  may  now 
be  questioned,  at  least  in  their  full  extent,  yet  as  convey- 
ing some  information  on  the  order  of  decomposition,  un- 
der given  circumstances,  in  many  cases  of  chemical' ac- 
tion, I  have  inserted  them  at  the  end  of  the  Note  on 
Chemical  Attraction. 

I  have  next  to  explain  a  case  of  elective  attraction, 
more  complicated. 

Suppose  we  have  a  compound  formed  by  the  union  of 
A  and  B,  in  which  the  force  of  attraction  is  equal  to  20, 
and  that  to  this  compound  another  substance,  C,  is  add- 
ed, which  has  an  attraction  to  A,  equal  to  16,  it  is  evi- 
dent that  no  decomposition  can  ensue.  But  suppose,  a 
fourth  substance  D,  is  united  to  C,  with  an  attraction  e- 
qual  to  7,  and  suppose  that  D  has  an  attraction  to  B  equal 
to  12,  then  a  decomposition  must  be  effected  on  mixing 
these  two  compounds  ;  for  the  sum  of  their  existing  at- 
tractions is  inferior  to  the  sum  of  those  tending  to  sepa- 
rate them,  the  former,  the  affinity  of  A  to  B  and  the  affi- 
nity of  C  to  D,  being  equal  only  to  27,  the  latter,  the  af- 
finity of  C  to  A  and  of  D  to  B,  being  equal  to  28.  A  B, 
C  D,  therefore  are  decomposed,  and  two  new  com- 
pounds, C  A,  B  D,  are  formed. 

This  is  what  is  termed,  in  the  language  of  chemistry. 
Double  Elective  Attraction ;  two  elective  attractions  be- 
ing exerted,  and  two  new  compounds  formed.  Of  the 
two  attractions  which  are  exerted,  the  tendency  of  the 
one  is  to  preserve  the  original  compounds  undecomposed, 
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that  of  the  other  is  to  separate  their  principles.  The  fot- 
mer  have  been  named  by  Mr  Kirwan,  the  Quiescent,  the 
latter,  the  Divellent  Attractions,  terms  which  are  gener- 
ally used.  It  is  evident,  that  a  double  decomposition  can 
only  be  effected,  where  the  sum  of  the  divellent-  is  supe- 
rior to  that  of  the  quiescent  attractions. 

In  order  to  represent  more  clearly  and  concisely  what 
passes  in  these  complicated  attractions,  diagrams  have 
been  constructed.  The  idea  seems  first  to  have  occurred 
to  Dr  Cuilen.  The  one  he  proposed  was,  that  of  two  cy- 
linders crossing  each  other  at  the  middle* 


NO.  I. 

A  B 


D 


If  on  mixing  the  compounds  denoted  by  A  C,  B  D,  the 
attractions  of  A  to  B,  and  of  C  to  D,  overcome  the  quies- 
cent attractions,  A  C,  B  D  ;  the  resulting  decomposition 
is  represented,  by  supposing  the  extremities  A  B,  C  D, 
of  the  cylinders  to  be  brought  together  by  which  also 
the  production  of  the  two  new  compounds  will  be  deno- 
ted by  the  conjunction  of  these  letters. 

The  diagram  proposed  by  Bergman,  consists  of  two 
brackets  connected  by  straight  lines,  forming  a  square,  at 
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the  sides  and  corners  of  which,  the  names  of  the  existing 
compounds,  and  of  their  ingredients,  are  placed  ;  and 
though  not  conveying  a  more  clear  idea  of  the  operation 
itself,  is  better  calculated  to  represent  all  the  circumstan- 
ces connected  with  it. 


Sulphate 

of 
Potassa 


NO.  II. 

Muriate  of  Potassa. 


Potassa 


I- 


32     Muriatic  acid 


62 


54. 

Sulphuric  acid  — 
86 


20=82 


Lime 


Muriate 
of 
Lime. 


Sulphate  of  Lime. 


Thus  in  the  scheme  which  Bergman  himself  gives,  if 
the  two  compounds,  named  Sulphate  of  Potassa,  and 
Muriate  of  Lime,  the  former  consisting  of  sulphuric  acid 
and  potassa,  the  latter  of  muriatic  acid  and  lime,  be  mix- 
ed together,  a  double  decomposition  takes  place,  and  two' 
new  compounds,  muriate  of  potassa,  and  sulphate  of 
lime,  are  formed.  This  is  represented  by  placing  on  the 
outer  sides  of  the  two  brackets  the  names  of  the  two  com- 
pounds mixed,  and  at  the  corners  of  the  brackets,  the 
names  ofrtheir  ingredients,  so  disposed  that  the  one  acid 
shall  be  diagonally  opposite  to  the  other.    If  the  num- 
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bers  expressing  the  relative  force  of  attractions  of  the 
principles  of  these  compounds  be  also  added,  it  will  be 
obvious  that  a  decomposition  will  ensue.  If  the  attrac- 
tion between  potassa  and  sulphuric  acid  be  62,  and  that 
between  lime  and  muriatic  acid  20,  the  sum  of  the  quie- 
scent attractions  will  be  82.  But  if  the  attraction  be- 
tween potassa  and  muriatic  acid  be  32,  and  that  between 
sulphuric  acid  and  lime,  54,  the  sum  of  the  divellent  at- 
tractions will  be  86.  These,  therefore,  will  operate  with 
effect ;  the  muriatic  acid  and  the  potassa  will  combine  to- 
gether, as  will  the  sulphuric  acid  and  the  lime,  and  the 
names  of  these  resulting  compounds,  muriate  of  potassa 
and  sulphate  of  lime,  are  placed  without  the  straight 
lines,  by  which  the  brackets  are  connected. 

To  represent  a  single  elective  attraction,  the  same 
figure  is  used,  with  one  bracket,  as  in  this  diagram. 

NO.  III. 


Nitric  Acid. 


Nitrate 
Potassa. 


18 


I- 


Potassa  20  Sulphuric  Acid. 
Sulphate  of  Potassa. 


By  some  slight  variations  in  their  construction,  these 
diagrams  have  been  rendered  still  more  extensive,  so  that 
they  are  capable  of  represcnti;ig  all  the  phenomena  of 
these  combinations. 

AVhcre  the  quiescent  attractions  are  superior  to  the 
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dlvellent,  and  where  of  course  no  decomposition  takes 
place,  the  scheme  consists  of  two  unconnected  brackets, 
with  the  names  of  the  compounds  at  each  side,  and  of 
their  ingredients  at  each  corner ;  the  numbers,  denoting 
the  forces- of  attraction,  being  interposed. 


Muriate 

of 
Potassa. 


Potassa 


32 


NO.  IV. 

62  Sulphuric  Acid 


Muriatic  Acid  20 
82 


Sulphate 
54.=S6  !>  of 
Lime. 

Lime 


In  the  opposite  case,  where  decomposition  is  effected, 
the  schemes  NO.  2.  and  NO.  3.  are  used,  varied  only  to 
shew  the  peculiar  phenomena. 

Thus,  in  such  decompositions  it  frequently  happens, 
that  one  or  both  of  the  new  compounds  prove  insoluble^ 
and  consequently  fall  down.  This  is  denoted  by  bending 
downwards  in  the  middle,  the  line  placed  between  the 
substance  and  the  square,  as  in  diagram  2.  where  the 
undermost  line  is  bent  down  to  shew  that  the  Sulphate  of 
Lime  is  precipitated.  If,  on  the  contrary,  one  of  the 
substances  be  volatilized  or  sublimed,  the  line  is  bent  up- 
wards in  the  middle,  as  in  diagram  3.,  where  the  upper 
line  is  drawn  in  this  manner,  to  shew  that  the  Nitric 
Acid  is  volatilized.  If  they  are  neither  precipitated  nor 
volatilized,  the  brackets  are  merely  connected  by  two 
straight  lines. 
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Lastly,  the  circumstances  under  which  the  decomposi- 
tion takes  place,  require  to  be  pointed  out.  Sometimes 
it  is  effected  by  the  substances  being  dissolved  by  water, 
sometimes  by  the  application  of  heat  to  them  in  the  solid 
state.  Bergman  distinguished  these  decompositions  in 
the  humid  and  in  the  dry  way,  by  inserting  in  the  mid- 
dle of  the  diagram  a  triangle,  A,  which  was  the  'old  che- 
mical mark  for  fire,  to  denote  that  the  decomposition  was 
effected  in  the  dry  way,  or  by  the  application  of  heat ; 
and  an  inverted  triangle,  Vj  the  mark  for  water,  to  point 
out  when  it  was  done  in  a  watery  solution.  The  same 
method  is  still  used,  the  signs  only  having  been  changed, 
a  perpendicular  line  |  being  the  mark  for  caloric  or  heat> 

and  the  compound  figure,  J>  for  water.  To  facilitate  the 
construction  of  such  diagrams,  all  the  chemical  agents 
have  likewise  been  distinguished  by  particular  symbols. 

I  have  thus  stated  the  doctrines  of  single  and  double 
elective  attraction,  as  they  were  delivered  by  Bergman, 
and  until  lately  received  by  chemists.  I  have  now  to 
add,  that  a  different  view  has  been  given  by  Berthollet  of 
these  changes,  deduced  from  experiment,  and  undoubted- 
ly according  with  many  chemical  facts. 

In  Bergman's  theory,  affinity  is  regarded  as  an  invari- 
able force ;  and  all  the  decompositions  which  were  as- 
cribed to  elective  attraction,  are  considered  as  depending 
on  the  various  degrees  of  intensity  with  which  that  at- 
traction is  exerted  by  each  body  towards  others.  The  re- 
siults  have  been  considered  as  capable  of  measuring  even 
the  relative  forces  of  affinity,  and  of  course  as  arising 
solely  from  them. 


OR  AFFINITY.  1  1/ 

111  the  theory  of  Berthollet,  the  changes  ascribed  by 
Bergman  to  the  predominance  of  certain  affinities  over 
others,  are  referred  to  the  operation  of  those  circumstan- 
ces by  which  attractiorl  is  influenced,  and  combination 
limited.  If  the  substances  which  in  any  case  of  complex 
affinity  act  on  each  other  be  liquid,  or  be  soluble  in  the 
fluid,  which  is  the  medium  of  action,  and  if  the  com- 
pounds they  form  in  any  stage  of  combination  have  no 
great  cohesion  or  insolubility,  no  evident  change  appears 
when  they  are  mixed- togetlaer,  there  is  a  mutual  satura- 
tion, and  the  opposing  substances,  it  is  conceived,  remain 
united,  forming  an  individual  combination,  in  which  the 
forces  are  balanced.  But  if,  on  any  of  the  other  parts  of 
such  a  combination,  the  force  of  cohesion  or  insolubility, 
or  the  power  of  elasticity  operate  with  energy,  these  ex- 
ternal forces  will  subvert  the  balance,  will  give  rise  to 
separations,  and  will  hence  be  the  real  cause  of  the  re- 
sults which  in  the  old  theory  were  ascribed  to  the  predo- 
minance of  divellent  over  quiescent  affinities. 

Thus,  if  four  substances  are  presented  to  each  other, 
two  of  which  have  a  greater  tendency  to  cohesion  than 
the  others,'or  which  form  a  compound  of  sparing  solubi-* 
lity,  and  the  other  two  a  compound  of  a  different  nature  ; 
instead  of  the  four  forming  one  combination,  in  which 
the  affinities  are  balanced,  this  cbmbmation  will  be  coun- 
teracted by  the  force  of  cohesion,  and  the  two  whidi  form 
the  insoluble  compound  will  combine  together,  and  be  se- 
parated by  precipitation  or  crystallization,  the  other  two 
remaining  in  combination  in  the  fluid  which  has  been  the 
medium  of  action.  If  even  these  four  substances  were 
previously  in  the  reverse  binary  combinations,  on  prcsent- 
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ing  them  to  each  other,  the  afHnlties  within  the  sphere  of 
action  must  be  reciprocally  exerted  ;  and  the  same  ex- 
traneous forces  will  cause  an  exchange  of  principles,  or 
the  phenomena  which  have  been  ascribed  to  elective  aiTi- 
nities  will  be  produced.  In  other  words,  if  A  and  B  when 
united  form  an  insoluble  compound,  and  C  and  D  one 
that  is  soluble,  if  A  has  been  previously  combined  with 
C,  and  B  with  D,  on  mixing  these  two  compounds,  the 
result  will  not  be  reciprocal  saturation  and  a  simultaneous 
combination,  but  the  force  of  cohesion  operating  with 
more  energy  on  the  combination  of  A  and  B,  it  will  sepa- 
rate, while  the  other  two  ingredients,  C  and  D,  will  re- 
main in  union.  Gases  of  this  kind  he  denominates  Com- 
plex  Affinity,  to  avoid  the  term  Elective  Attraction,  which 
in  some  measure  implies  an  hypothesis. 

The  case  will  be  the  same  with  regard  to  a  single  elec- 
tive attraction,  or  where  three  substances  are  presented  to 
each  other.  If  the  combination  of  two  of  them  give  rise 
to  a  substance,  of  sparing  solubility,  or  having  a  strong 
tendency  to  cohtsion,  this  circumstance  will  determine 
their  union,  and  the  separation  of  the  insoluble  compound, 
instead  of  the  balance  of  affinities  of  all  the  three  substan- 
ces which  would  otherwise  have  been  the  result. 

Hence,  "  if  all  the  decompositions  ascribed  to  complex 
*'  affinities  be  investigated,  it  will  be  found,  that  the  pre- 
"  vailing  affinity  has  been  always  ascribed  to  those  substan- 
«  ccs  which  have  the  property  of  precipitating,  or  of  form- 
"  ing  a  salt  which  can  be  separated  by  crystallization. 
"  For  this  reason,  it  may  be  inferred  a  priori^  from  a  know- 
«  ledge  of  the  solubllity^of  salts,  which  may  be  formed 
"  in  a  liquid,  that  those  substances  which  are  least  solu- 
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ble,  and  most  apt  therefore  to  preci-pitate,  will  be  found 
«  to  be  the  same  as  those  to  which  Bergman  and  other 
««  learned  chemists  have  attributed  the  strongest  affinity 
"  in  their  tables 

These  combinations  are  at  the  same  time  considerably 
influenced  by  the  proportions  of  the  substances  presented 
to  each  other.  The  exchange  of  principles  is  scarcely 
ever  complete ;  and  BerthoUet,  by  a  number  of  experi- 
ments on  the  compound  salts,  has  shewn  that  the  products 
from  their  mutual  action  are  dilFerent,  according  to  the 
.relative  proportions  in  which  they  have  been  mixed  toge- 
ther, especially  where  the  force  of  cohesion  has  not  been 
exerted  with  much  energy,  so  as  to  render  imperceptible 
the  effect  of  quantity  f .  Where  this  force  is  considera- 
ble, and  imequal  in  the  combinations  which  take  place, 
it  determines  the  exchange  of  bases,  and  the  precipitation 
of  the  insoluble  compound,  independent  of  proportions. 
But  where  it  is  less  energetic,  the  influence  of  quantity 
may  be  traced,  and  hence  the  formation  of  salts  obtained 
by  slow  crystallization  depends  much  on  the  proportions 
of  the  substances  acting  on  each  other:  in  such  cases,  as 
BerthoUet  has  remarked,  "  a  succession  of  different  com- 
*«  binations  takes  place,  according  to  the  forces  which  pre- 

dominate  at  the  moment  at  which  the  separation  com- 
"  mences." 

Other  decompositions,  particularly  those  where  the  ap- 
plication of  heat  is  necessary,  are  occasioned  by  the  ope- 
ration of  elasticity. 


*  Researches  into  the  Laws  of  Chemical  Affinity,  p.  105, 
r  Researches,  p.  156. 
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If  one  of  the  ingredients  of  a  compound,  have  a  tenden- 
cy to  assume  the  elastic  form, — when  such  a  compound 
is  acted  on  by  a  substance  capable  of  combining  with  its 
other  ingredient  or  base,  if  its  decomposition  be  effected, 
we  are  not  to  ascribe  it,  with  Bergman,  to  the  predomi- 
nance of  a  powerful  affinity  over  one  more  weak :  it  is 
owing  to  the  tendency  of  the  elastic  ingredient  to  escape 
from  its  combination,  and  this  aided  by  the  intervention 
of  another  affinity,  not  only  not  stronger,  but  actually 
weaker,  might  occasion  the  decomposition. 

This  cause  is  not  less  efficient  in  complex  affinities,  or 
it  determines  the  union  of  the  substances  most  disposed 
to  assume  the  elastic  form,  and  their  separation  as  a  vola- 
tile compound.  "  If,  therefore,  it  be  desired  to  know 
**  the  result  of  the  exposure  of  two  salts  to  the  action  of 
*'  heat,  it  is  only  necessary  to  consider  which  of  the  two 
"  bases,  and  which  of  the  two  acids,  have  the  greater  vo- 
"  latility,  if  there  be  a  difference  ;  for  the  more  volatile 
«'  base  and  acid  will  escape,  and  enter  into  combination, 
"  and  the  fixed  base,  and  fixed  acid,  will  remain  behind, 
<'  and  combine  with  one  another  *." 

Such  is  the  view  given  by  Bertliollet  of  what  are  na- 
med Single  and  Double  Elective  Attractions.  It  is  suf- 
ficient to  have  stated  it  fully  in  this  part  of  the  work,  and 
to  observe,  that  though  there  is  every  reason  to  admit 
much  of  it  as  just,  some  doubt  may  still  remain,  whether, 
in  its  whole  extent,  it  is  sufficiently  established.  Some 
observations  on  this  subject  will  be  found  in  a  Note. 
(Af.) 


♦  Researches,  p.  3. 
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Another  subject  belonging  to  the  present  section,  and 
which  has  much  occupied  the  attention  of  chemists,  is 
that  of  determining  numerically  the  forces  of  affinities  a- 
mong  bodies.    The  usual  measure  of  these  forces,  is  that 
deduced  from  decomposition  ;  we  infer  from  it,  that  one 
body  A,  has  a  stronger  attraction  to  another  B,  than  a  third 
C  has,  because  when  B  C  are  combined,  A  decomposes 
the  compound,  by  attracting  B.    But  even  admitting  the 
justness  of  the  inference,  this  affords  us  only  very  general 
information  ;  it  does  not  enable  us  to  determine  the  real 
comparative  forces  ;  we  learn  nothing  more,  than  that  the 
attraction  of  one  body  is  stronger  than  that  of  a  third. 
The  desideratum  is  to  know,  with  precision,  how  much 
stronger  it  is  j  and  were  this  done,  it  has  been  supposed 
that  it  would  be  of  much  utility  in  the  science,  as  ena- 
Ij  bling  us  to  discover,  by  calculation,  what  we  can  at  pre- 
\  sent  ascertain  only  by  experiment.    Different  methods 
a  have  been  followed,  in  the  attempts  to  solve  this  interest- 
:  ing  problem. 

I  Guyton  had  long  ago  observed,  that  when  different 
!  metals  are  brought  into  contact  with  quicksilver,  they  ad- 
'  here  to  it  with  different  degrees  of  force  ;  and  on  multi- 
plying his  experiments,  he  found,  that  the  order  of  the 
forces  of  adhesion  corresponds  with  the  known  aflinities 
of  the  metals  to  quicksilver.  The  experiment  was  made 
with  accuracy  in  the  following  manner :  Plates  of  the  dif-, 
ferent  metals,  of  the  same  size  and  form,  were  prepared, 
pnd  were  suspended  from  the  extremity  of  the  beam  of  a 
sensible  balance.  They  were  successively  brought  into 
contact  with  mercury,  and  made  to  slide  along  its  surface; 
the  mercury  being  changed  at  each  experiment.  The 
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force  with  which  they  adhered  was  easily  discovered,  by 
the  weights  which  it  was  necessary  to  attach  to  the  other 
extremity  of  the  beam,  to  raise  each  p!ate.  The  results 
are  given  by  Guyton  in  the  following  table: 

Gold  adhered  to  mercury  with  a  force  of  446  grains. 


Silver,  -          -         -         -  4-29 

Tin',  -              -           -  418 

Lead,  -           -           -  397 

Bismuth,  -           -          _  372 

Zinc,  -            -             -  204 

Copper,  -  142 

Antimony,  -          -          _  i26 

Iron,  -            -            -  115 

Cobalt,  -            _            _  g 


Gayton  justly  observes,  that  if  we  examine  whence 
these  differences  arise,  we  find  they  cannot  be  owing  to 
the  pressure  of  the  atmosphere  j  for  it  is  the  same  with 
regard  to  all  of  them  ;  nor  to  the  different  degrees  of  po- 
hsh  J  for  a  plate  of  iron,  unpolished,  adhered  more  strong- 
^  ly,  by  several  grains,  than  one  of  the  same  metal  which 
had  received  a  fine  polishing  •,  nor  to  the  densities  of  the 
metals  ;  for  if  this  had  been  the  cause,  silver  would  have 
been  beneath  lead,  and  tin  beneath  iron.  But  the  order 
of  adhesion  is  precisely  that  of  the  apparent  order  of  affi- 
nities ;  gold  is  the  metal  to  which  quicksilver  seems  to 
have  the  strongest  attraction  ;  while,  with  iron  or  cobalt, 
it  can  scarcely  be  combined.  If  these  differences,  there- 
fore, arise  from  the  different  forces  of  attraction,  subsist- 
ing between  these  metals  and  quicksilver,  they  may  be 
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regarded  as  numerical  expressions  of  these  forces,  and 
may  consequently  be  so  far  admitted  in  determining  the 
general  problem. 

Unfortunately,  however,  experiments  of  this  kind  are 
too  limited  to  be  of  much  utility  under  this  point  of  view ; 
and  when  extended  to  other  chemical  agents,  so  many- 
difficulties  occur  from  mutual  chemical  action,  and  other 
causes,  that  the  results  cannot  be  regarded  as  sufficiently 
accurate  to  admit  of  any  strict  conclusion.  In  the  further 
experiments  of  Achard  on  the  same  subject  *,  we  accord- 
ingly find  a  number  of  facts,  either  incompatible  with  the 
general  hypothesis,  or  not  explained  by  it.  The  principle 
also  is  doubtful,  as  the  results  denote  rather  the  facility  of 
combination  than  the  absolute  force  of  attraction. 

Wenzel  had  supposed,  that  the  quantity  of  a  body  dis- 
solved in  a  given  time  affords  a  measure  of  the  force  of 
the  affinity  exerted.  The  method  by  which  he  proposed 
to  apply  this  principle,  was  to  cover  equal  cylinders  of 
different  metals  with  a  crust  of  varnish,  leaving  only  one 
extremity  uncovered.  They  were  immersed  in  a  common 
solvent,  (nitric  acid  was  what  he  employed),  and  accord- 
ing to  his  statement,  on  being  removed  at  the  end  of  a 
certain  time,  the  quantities  dissolved  corresponded  with 
the  known  affinities  of  the  m.ctals  to  the  acid  \  and  the 
affinity  of  the  acid  to  each  of  the  metals  being  inversely 
as  the  times  necessary  for  the  solution  of  equal  quantities 
of  them,' the  numerical  expressions  of  these  affinities  might 
thus  be  easily  obtained. 

Independent  of  various  objections,  to  which  the  experi- 


*  Encyclopedia  Mcthodique,  torn,  i,  p.  468. 
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ment  is  liable,  the  principle  of  it  is  altogether  false.  The 
facility  or  rapidity  of  combination,  depends  not  on  the  ab- 
stract force  of  afhnity,  but  on  that  modified  by  the  cohe- 
sion, elasticity,  and  other  qualities  of  bodies  ;  and  we 
meet  with  innumerable  examples,  in  which  a  combination 
takes  place  slowly,  where  the  attraction,  from  which  it 
arises,  appears  to  be  strong,  or  where  it  is  effected  with 
facility,  where  the  attraction  is  comparatively  weak. 

The  resistance  which  is  opposed  by  a  combination,  to 
the. separation  of  its  constituent  parts,  has  been  proposed 
as  the  measure  of  the  strength  of  their  reciprocal  afFinity. 
But  we  have  no  means  of  appreciating  the  resistance  with 
accuracy.  The  intervention  of  a  superior  afiinity  cannot 
be  employed  ;  for  the  strength  of  this  affinity  would  first 
require  to  be  ascertained.  The  only  method  that  can  be 
proposed,  is  by  the  degree  of  heat  which  may  be  necessary 
to  effect  the  decomposition.  But  many  compounds  can- 
not be  decomposed  by  heat ;  and  In  those  which  can,  the 
decomposition  is  influenced  as  much  by  the  comparative 
elasticity  of  the  principles  of  the  compound,  as  by  the 
strength  of  affinity  existing  between  them. 

Mr  Kirwan  presented  a  view  of  this  subject,  very  dif- 
ferent from  any  of  the  preceding,  and  probably  more  just. 
He  advanced  the  principle,  that  the  strength  of  affinity  a-r 
mong  bodies  is  connected  with  their  power  of  neutraliz- 
ing the  properties  of  substances  with  which  they  combine, 
and  that  the  one,  therefore,  may  afford  a  measure  of  the 
other.  This  with  some  modification  has  been  adopted  by 
Berthollet.  The  discussion  with  regard  to  it  biding  rather 
difficult,  not  elementary,  and  involving  considerable  dp- 
tails,  I  refer  it  altogether  to  a  Note  (A  g). 
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BOOK  II. 

OF  REPULSION,  AND  THE  POWERS  BY  WIHCII 
IT  IS  PRODUCED; 

Having  stated  the  general  doctrines  relating  to  the 
Attraction  which  operates  on  the  particles  of  matter,  gi- 
ving rise  to  chemical  phenomena,  we  have  next  to  consider 
the  agencies  of  those  forces  by  which  Repulsion  is  esta- 
blished betweea  these  particles,  and  their  mutual  attrac- 
tions are  counteracted  or  modified. 

It  has  been  already  mentioned,  that  the  most  general 
cause  of  Repulsion  is  the  operation  of  the  power  which 
'  gives  rise  to  the  phenomena  of  Heat,  which  in  the  lan- 
guage of  modern  chemistry  is  denominated  Caloric.  This, 
communicated  to  any  body,  separates  its  particles  to 
greater  distances,  and  by  this  agency  has  an  important 
influence  in  modifying  chemical  combination. 

Galvanism  appears  to  exert  a  similar  agency.  It  esta- 
blishes repulsion,  and  is  even  more  powerful  in  counter- 
acting chemical  affinity,  and  in  separating  the  elements 
of  bodies  from  a  state  of  combination.  It  has  also  an  in- 
timate relation  with  Caloric,  or  is  capable  of  producing 
in  high  intensity  the  phenomena  of  Heat. 

With  both  these  powers  Light  is  connected.  Its  con- 
nection with  heat  has  long  been  observed,  and  has  even 
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led  to  the  opinion  entertained  by  some  pliilosopliers  of 
their  ultimate  identity.  Galvanism  appears  likewise  to 
have  relations,  with  Light  5  for  bodies  subjected  under 
certain  circumstances  to  the  galvanic  influence,  become 
Iiighly  luminous.  Light,  too,  may  be  regarded  "as  a 
repulsive  power.  Its  particles  are  mutually  repellent  5 
it  subverts  chemical  combinations ;  and  its  agency  per- 
haps depends  as  much 'on  the  repulsion  ic  may  communi- 
cate, as  on  the  affinities  it  has  been  supposed  to  exert. 

These  three  forces  having  this  intimate  connection, 
and  having  a  strict  relation  in  the  chemical  agencies 
they  exert,  may  be  classed  together,  and  may  be  re- 
garded as  general  powers  producing  Repulsion,  and  in 
consequence  of  this  modifying  the  exertion  of  Chemical 
Attraction. 

The  opinion  has  been  very  generally  received,  that 
they  are  not  merely  general  forcesj-  but  are  material  sub- 
.  stances.  With  regard  to  Liglit  this  appears  to  be  suffi- 
ciently cstqblisiied  ;  but  with  regard  to  the  others,  the  o- 
pinlon  is  more  doubtful.  If  even  their  materiality,  how- 
ever, were  admitted,  they  are  still  altogether  peculiar  in 
their  characters.  They  are  present  in  all  bodies,  or  at 
least  are  capable  of  being  transmitted  through  them  ; 
they  are  not  capable  of  being  insulated  or  obtained  in  a 
separate  state  of  existence  ;  no  specific  affinities  can  be 
ascribed  to  them  ;  nor  can  their  particular  combinations 
be  traced.  They  may  therefore  with  sufficient  propriety, 
and  with  the  least  assumption  of  hypotliesls,  be  consi- 
dered as  General  Powers4 
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or  CALORIC. 

The  terms  Heat  and  Cold,  employed  to  denote  cer- 
tain sensations,  though  incapable  of  strict  definition,  are 
sufficiently  well  understood.   These  sensations  are  excit- 
ed by  bodies  applied  to  the  organs  of  animals.    It  is  ob- 
served, however,  that  the  same  body  will,  at  different 
limes,  excite  very  different  degrees  of  sensation,  or  even 
sensations  totally  dissimilar  ;  being  capable,  at  one  time, 
of  occasioning  the  feeling  of  intense  cold;  in  a  short  time, 
it  may  convey  an  agreeable  warmth  ;  and  by  another 
change  of  circumstances,  it  will  induce  extreme  heat. 
From  this  it  is  evident,  that  the  power  of  inducing  these 
sensations  does  not  depend  upon  the  matter  itself,  which 
is  applied  to  our  organs  ;  for  every  shade  of  sensation  is 
produced,  without  the  qualities  of  that  matter  being  per- 
manently changed  •,  it  is  considered  therefore  as  depend- 
ing on  the  operation  of  a  certain  subtle  principle,  present  x 
m  this  matter,  and  which,  according  to  its  quantity,  gives 
rise  to  different  sensations.    If  the  body  applied  contain 
a  certain  quantity  of  it,  the  sensation  of  heat  is  excited  ; 
if  the  quantity  be  diminished  to  a  certain  extent,  that  of 
cold  is  produced,  and  the  intensity  of  either  sensation  is 
according  to  the  accumulation  or  diminution  of  this  prin- 
ciple. 

Kven  in  familiar  language,  this  distinction  is  observed. 


OF  CALOJUC. 


If  a  piece  of  iron  be  made  red  hot,'  we  conceive  that  a 
quantity  of  what  we  call  heat,  that  is,  of  a  certain  subtle 
power,  has  been  introduced  into  it;  and  that  the  property 
the  iron  in  this  state  has,  of  affecting  the  organs  of  ani- 
mals in  a  peculiar  manner,  depends  on  the  presence  of 
this  principle.  When  the  iron  is  left  to  cool,  we  suppose 
merely)  that  it  parts  with  its  excess  of  heat ;  and  accord- 
ingly, we  find,  that  after  a  short  time,  it  will  excite  the 
sensation  only  of  gentle  warmth.    It  may  be  cooled  still 
farther,  so  as  to  induce,  when  applied  to  the  surface  of 
the  body,  the  sensation  of  cold ;  and  though  this  was 
once  conceived  to  be  owing  to  the  introduction  of  a  posi- 
tive power,  opposed  In  its  nature  to  that  of  heat,  the  dis- 
coveries of  philosophy  have,  even  in  this  point,  been  ex- 
tended to  common  opinion,  and  the  power  the  iron  has  in 
this  example,  of  producing  the  sensation  of  cold,  is  con- 
sidered as  depending  merely  on  its  being  farther  deprived 
of  the  principle  of  heat. 

.  Such  is  the  manner  in  which  we  are  to  view  these  phe- 
nomena. There  exists  a  subtle  principle  or  power,  capa- 
ble of  being  communicated  to  all  bodies.  When  present  in 
any  body  to  a  certain  extent,  it  occasions,  in  animals,  a 
certain  sensation,  that  of  heat  j  and  the  intensity  of  the 
sensation  it  excites,  varies  with  the  quantity  in  which  it 
is  accumulated  in  that  body.  When  thus  present  in  one 
body,  it  may  be  transferred  from  it  to  another,  and  then 
the  power  of  exciting  the  peculiar  sensation  is  also  trans- 
ferred. In  the  example  we  have  taken,  the  piece  of  iron 
red-hot,  may  be  deprived  of  its  heat,  by  plunging  it  into 
water,  and  in  this  case  the  water  becomes  hot  in  its  turn  ; 
the  water  may  equally  be  deprived  of  it,  and  thus  the  ex- 
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cess  of  power  may  be  transferred  from  one  body  to  ano- 
ther, in  whole  or  iti  part,  until  a  perfect  equilibrium  is 
established. 

Philosophers  have  further  observed  other  effects  to  re- 
sult from  the  introduction  of  this  power.  When  a  body 
acquires  the  power  of  exciting  a  stronger  sensation  of 
heat,  it  is  also  invariably  expanded  j  its  volume  is  aug- 
mented in  every  direction.  The  piece  of  iron,  for  exam- 
ple, when  hot,  would  occupy  more  volume  than  when 
cold.  When,  therefore,  any  hot  body  is  cooled,  the  vo- 
lume is  diminished,  and  the  diminution  or  increase  of  ex- 
pansion is  greater  or  less  according  to  the  abstraction  or 
addition  of  the  peculiar  power  on  which  these  effects  de- 
pend. 

\  It  has,  lastly,  been  proved,  that  when  the  expansion  a- 
rising  from  the  introduction  of  this  power,  is  carried  to  a 
certain  extent,  bodies  change  their  forms,  solids  becoming 
fluids,  and  fluids  being  converted  into  vapours  or  airs. 
.:'  These  effects  being  thus  inseparably  connected,  have 
been  considered  as  originating  from  the  same  power  or 
principle  ;  a  power,  the  existence  of  which  is  unquestion- 
able, though  its  nature  may  be  unknown. 

This  principle  has  been  distinguished  by  various  appel- 
lations, as  Fire,  Heat,  the  Matter  of  Heat,  or  the  Igneous 
Fluid;  terms  which  .are  either  ambiguous,  or  which  in- 
volve some  hypothesis,  and  which  are  superseded  by  the. 
unexceptionable  appellation  of  Caloric. 

By  Caloric,  then,  is  to  be  understood  a  power  present 
in  bodies,  the  cause  of  their  expansion  and  of  their  exis- 
tence in  the  fluid  and  aeriform  states  ;  and  which,  when 
present  in  a  certain  quantity,  excites  in  animals  the  sensa- 
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tion  of  heat  i  the  sensation  of  told  being  also  the  effect  oi* 
its  abstraction. 

Respecting  the  nature  of  this  power,  different  opbiona 
have  been  entertained  by  philosophers  :  some  consider  it  as 
a  peculiar  subtle  fluid,  diffused  over  matter,  and  capable 
of  entering  in  greater  or  less  quantity  into  every  body : 
others  have  supposed  all  the  phenomena  exhibited  by 
heated  bodies,  to  arise  merely  from  a  peculiar  state  of 
these  bodies,  or,  to  speak  more  precisely,  from  a  vibrato- 
ry motion,  more  or  less  violent,  of  their  minute  particles. 

It  would  be  improper,  on  our  very  entrance  on  the  con- 
sideration of  Caloric,  to  engage  in  the  discussion  of  this 
question,  since  it  can  only  be  determined  from  a  fuU 
knowledge  of  the  properties  of  this  power,  and  its  rela- 
tions to  other  matter.  Nor  is  it  necessary  at  present  to 
enter  on  any  investigation  of  tliis  kind,  since  whatever 
may  be  the  nature  of  the  power  which  the  term  Caloric 
expresses,  its  existence  is  sufficiently  demorrstrated,  as  the 
cause  of  certain  effects  j  and  although  tlie  nature  of  that 
cause  may  be  unknown,,  the  effects  themselves,  their  rela- 
tions to  each  odier»  and  the  general  laws  according  to 
which  they  are  produced,  may  be  investigated  with  suffi- 
cient ptecision. 

I  shall  deliver  the  chemical  history  of  Caloric  under  the 
fallowing^  sections.  In  the  first,  I  may  facilitate  the  pro- 
secution of  the  subject,  by  taking  a  general  view  of  the 
distribution  of  this  power  j  tn  the  second,  I  shall  consider 
its  effects  on  matter ;  in  the  third,  the  laws  of  its  com- 
munication aand.  propagation  ;  in  the  fourtli,  the  compar- 
ative quianitities  of  it  which  bodies  contain  j  in  the  fifth, 
the  coixspatactre  quantities  which  the  same  body,  in  its 
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diflPerent  forms,  contains ;  under  the  sixth,  rh&y  be  review- 
;  ed  the  opinions  which  have  been  advanced  with  regard  to 
the  nature  of  this  power  ;  and  its  chemical  history  ma^ 
be  concluded,  with  an  enumeration  of  the  causes  by 
which  its  equilibrium  is  subverted,  or  heat  and  cold  pro- 
I  duced,  and  the  applications  of  these  to  practical  chemi- 
stry. 


SECT,  h— Of  the  Distribution  of  Caloric,  and  the  Measure  of 

'temperature. 

The  state  of  a  body  with  respect  to  its  power  of  pro- 
ducing the  different  effects  arising  from  the  presence  ol^ 
caloric,  is  termed  its  Temperature.  In  each  body  the  tem- 
perature depends  on  the  quantify  of  caloric  which  it  con- 
tains. If  at  any  temperature  it  contain  a  certain  quantity, 
the  addition  of  caloric  raises  its  temperature  ;  in  other 
words,  the  body  now  possesses  the  power  of  exciting 
either  a  weaker  sensation  of  cold,  or  a  stronger  sensatiori 
of  heat,  and  of  producing  in  other  bodies  a  greater  degree! 
of  expansion. 

Of  these  effects,  that  of  exciting  the  sensation  is  so  Hmif-^ 
ed,  and  is  so  much  influenced  by  the  state  of  the  sentieirt 
organ,  as  well  as:  by  other  external  circU^mstances,  that  k 
cannot  be  applied  as  a  measure  of  temperature, 
i  Expansion  is  an  effect  of  caloric  more  regtilar  and  ex- 
tensive, and  is  therefore  now  always  employed  to  mea- 
sure temperature.  When  two  bodies  produce  the  same 
increase  or  diminution  of  VOlumef  in  a  third  body,  t<4i 
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which  they  are  equally  applied,  they  are  said  to  be  at  the 
same  temperature ;  and  any  one  body  is  said  to  be  at  a 
higher  or  lower  temperature,  according  as  it  produces  a 
greater  or  less  expansion  in  another  body  with  which  it  is 
in  contact. 

An  instrument  has  been  contrived,  by  which  the  de- 
grees of  expansion  can  be  accurately  measured,  and  which 
is  of  course  of  the  first  importance  in  all  our  experiments 
on  the  subject  of  caloric.  This  instrument,  termed  the 
Thermometer,  is  of  modern  invention,  the  honour  of 
which  is-  due  to  Sanctorius,  an  Italian  physician,  who 
lived  in  the  17th  century.  He  had  observed  the  expan- 
sion  which  air  suffers  when  it  is  heated,  and  it  occurred 
to  him.  that  this  expansion  might  be  used  as  a  measure 
of  the  variations  of  heat.  His  thermometer  was  simply  a 
hollow  glass  ball,  from  which  a  long  cylindrical  tube, 
open  at  the  extremity,  issues.  A  small  quantity  of  the  air 
of  this  tube  is  expelled,  by  applying  heat  to  the  ball. 
The  open  end  is  then  immersed  in  a  coloured  liquor, 
either  oil  or  spirit,  and  as  it  cools,  a  quantity  of  the  fluid 
rises  in  the  tube.  A  scale  of  equal  parts  is  applied  to  the 
tube,  and  the  extent  of  the  expansion  of  air  in  the  bulb 
by  heat,  is  accurately  discovered  by  the  descent  of  the 
coloured  liquor,  its  condensation  by  cold  being  marked  ■ 
by  its  ascent.  This  instrument  has  the  advantage  of  in- 
dicating very  minute  changes  of  temperature,  air  being  so 
greatly  altered  in  its  volume  by  alterations  of  temperature, 
and  on  this  account  it  may  still  be  occasionally  used 
with  advantage  for  some  purposes.  It  is  otherwise  a 
rude  instrument,  inconvenient,  from  its  unwieldy  form, 
liable  to  variations,  from  changes  in  the  pressure  of  the 
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'  atmosphere,  and  inapplicable  to  the  measurement  of  any 
extensive  range  of  temperature  *. 

An  important  improvement  was  made  in  the  thermo- 
i  meter,  by  the  members  of  the  Academy  del  Cimento,  by 
substituting  a  fluid  as  the  measure  of  expansion,  and  in-- 
I  closing  it  in  a  tube  hermetically  sealed,  by  which  any  ef- 
li  feet  arising  from  variations  in  the  atmospheric  pressure 
I  is  avoided,  and  the  instrument  is  rendered  both  more  ac- 
i  curate  and  more  manageable.  Spirit  of  wine  coloured 
s  was  the  fluid  that  was  first  employed.  Mercury  was  af- 
jj  terwards  used  by  Dr  Halley  and  Sir  Isaac  Newton. 
I  Both  fluids  are  still  in  use,  each  being  adapted  to  parti- 
cular purposes. 

The  thermometer  constructed  with  either  fluid,  is 
merely  a  glass  ball,  with  a  long  tube  issuing  from  it,  of 
a  very  small  bore,  and  perfectly  cylindrical,  the  bulb  being 
entirely,  and  the  stem  partly  filled  with  mercury  or 
coloured  spirit.  This  is  done  by  heating  the  bulb  so  as 
to  expel  the  greater  part  of  the  air  it  contains  5  it  is  then 
allowed  to  cool,  the  end  of  the  tube  being  immersed  in 
the  liquid  with  which  the  thermometer  is  designed  to  be 
constructed ;  a  portion  of  this  liquid  rises  into  the  bulb  ;  it 
is  then  boiled  in  the  tube,  the  air  is  expelled,  and  its 
place  supplied  by  the  vapour.  As  this  condenses  from 
cooling,  a  fresh  quantity  of  the  liquid  which  in  the  tube  is 
immersed  rises  in  it,  and  the  operation  is  thus  repeated, 


*  Mr  Leslie,  as  I  shall  soon  have  to  remark,  has,  by  his 
pontrivance  of  the  differential  thermometer,  which  is  an  air  ther- 
mometer, obviated  some  of  these  objections,  and  rendered  it 
applicable,  with  peculiar  advantage,  to  certain  investigations. 
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until  the  whole  of  the  air  is  expelled,  and  the  bulb  and 
part  of  the  tube  are  filled  with  the  thermometric  liquid. 

The  principle  on  which  the  thermometer  indicates  teni- 
perature,  is,  that  caloric  has  a  tendency  always  to  preserve 
gn  equilibrium  ;  so  that  if  two  bodies,  at  different  terU' 
peratures,  be  brought  into  contact,  caloric  will  always 
pass  from  the  one  at  the  higher  into  that  at  the  lower 
temperature,  until  the  temperature  of  both  is  the  same. 
When  the  thermometer,  therefore,  is  applied  to  a  hot 
body,  it  receives  caloric  *,  when  to  a  cold  one,  it  commu- 
nicates part  of  its  own  caloric  ;  and  this  communication 
continues  until  the  thermometer  and  the  body  arrive  at  an 
equality  of  temperature.  Now,  the  temperature  of  the 
thermometer  is  discovered  from  the  volume  the  therpio- 
metrical  fluid  occupies  in  the  instrument.  At  a  certain 
temperature,  it  stands  at  a  certain  point.  When  caloric 
is  communicated  to  it ;  in  other  words,  when  its  temper- 
ature is  raised,  tl^  fluid  is  expanded,  and  of  course  rises 
iu  the  tube :  when  caloric  is  abstracted,  it  is  contracted 
and  descends ;  the  changes  of  volume  being  accurately 
measured  by  a  graduated  scale  attached  to  the  tube.  The 
point  at  which  the  fluid  is  stationary  indicates  its  temper- 
ature ;  and,  from  the  property  of  caloric,  just  stated,  this 
ggain  indicates  the  temperature  of  the  matter  with  which 
the  thermometer  is  in  contact.  The  instrument  is  made 
with  a  small  ball,  and  with  a  tube  of  a  very  fine  bore,  that 
it  may  indicate  changes  of  temperature  more  speedily  and 
with  more  accuracy. 

It  is  sufficiently  obvious,  that,  strictly  speaking,  the  ob- 
served changes  of  volume  in  the  thcrmometrical  fluid  are 
not  the  real  changes  i  for  the  glass  ball  is  likewise  ex- 
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panded  by  heat,  and  contracted  by  cold,  and,  in  the  one 
I  case,  must  render  the  drpansions  apparently  less  than  they 
I  really  are,  and  in  the  other  must  equally  diminish  the  con- 
;  tractions.  Hence  it  is  only  the  excess  of  the  expansion 
j  or  contraction  of  the  fluid  above  that  of  the  glass,  that  is 
!  observed.  From  the  principle,  however,  on  which  the 
1  scale  of  the  instrument  is  constructed,  this  does  not  in- 
t   troduce  any  error. 

For  some  time  after  the  invention  of  the  thermometer, 
a  great  inconvenience  was  experienced  in  there  being  no 
fixed  points  of  comparison,  so  that  the  observations  made 
by  one  instrument  might  be  compared  with  those  made 
by  another.  The  scale  of  each  was  entirely  arbitrary,  and 
the  method  by  which  it  was  first  attempted  to  establish  a 
correspondence  between  them,  was  to  use  tubes  of  the 
same  length,  and  the  same  fineness  of  bore,  and  divide 
them  into  an  equal  number  of  degrees ;  a  method  obvi- 
ously impracticable. 

Various  attempts  were  made  by  Boyle,  Halley  and 
others,  to  remedy  this  inconvenience,  and  at  length  two 
invariable  points  were  established,  which  served  as  the 
basis  of  the  thermometrical  scale.  For  this  we  are  in- 
debted to  Newton.  It  had  been  observed  by  Hooke,  that 
water  freezes  or  ice  melts  always  at  one  uniform  temper- 
ature. If  we  immerse  the  thermometer  in  melting  snow 
or  ice,  the  fluid  within  will  gradually  sink  to  a  certain 
part  of  the  tube,  where  it  will  stop,  and,  however  long  we 
allow  it  to  remain,  it  will  descend  no  lower.  And  the 
experiment,  if  repeated  at  any  time,  or  in  any  country, 
will  afford  the  same  result,  the  fluid  always  standing  at  the 
same  part.    If,  tlierefore,  we  mark  this,  we  obtain  one 
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fixed  point,  which  must  be  the  same  in  every  thermome- 
ter. It  had  been  observed  by  Hooke,  likewise,  that  under 
the  medium  pressure  of  the  atmosphere,  water  boils  at  one 
uniform  temperature.  If,  therefore,  under  such  a  pres- 
sure, the  thermometer  be  immersed  in  boiling  water,  the 
height  to  which  the  mercury  rises  in  the  tube  will  be  al- 
ways uniform,  and  this  being  marked,  will  afford  another 
invariable  point.  These  two,  then,  the  point  at  which 
water  freezes,  and  that  at  which  it  boils,  may  be  connect- 
ed by  a  scale  divided, into  any  number  of  equal  degrees  ; 
and  thus,  whatever  may  be  the  length  of  the  tube,  or  its 
diameter,  the  degrees  marked  upon  it  will  correspond  with 
those  marked  on  any  other  on  the  same  scale.  This  is  ac- 
cordingly the  method  by  which  thermometers  are  always 
constructed.  The  scale  adapted  to  them  has  been  differ- 
ent in  different  countries,  but  when  two  points  are  thus 
fixed,  which  in  all  of  them  correspond  to  certain  numbers, 
whatever  names  may  be  given  to  these  numbers,  or  what- 
ever may  be  the  number  of  parts  into  which  the  scale  in- 
termediate between  these  points  is  divided,  it  is  easy,  by 
calculation,  to  bring  them  to  correspond  with  each  other. 

In  every  thermometer,  besides  the  scale  between  these 
two  points,  there  is  one  divided  into  similar  degrees,  which 
descends  from  the  freezing  point  of  water,  so  as  to  denote 
lower  temperatures,  and  another  which  ascends  from  that 
of  boiling  water  to  express  higher  temperatures  *. 

*  In  the  Principles  of  Chemistry,  lay  Nicholson,  is  an  ex- 
cellent account  of  the  details  with  regard  to  the  construction 
and  graduation  of  thermometers.  Some  circumstances  not  al- 
ways attended  to,  but  of  importance  in  graduating  them,  are 
also  pointed  out  in  the  report  of  a  committee  of  the  Royal  So- 
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The  thermometer  commonly  used  in  this  country,  is 
one  first  made  by  Fahrenheit,  a  German  artist,  and  thence 
known  under  his  name.  The  lowest  temperature  marked 
upon  its  scale,  is  that  produced  by  a  mixture  of  snow  and 
,8ea-salt  acting  on  each  other,  this  being  the  lowest  tem- 
perature known  in  Fahrenheit's  time  *.  The  range  of 
temperature  between  it  and  the  freezing  point  of  water, 
he  divided  into  32  parts  or  degrees.  That  point,  there- 
fore, stands  at  the  32d  degree.  The  part  of  the  scale  be^ 
tween  the  freezing  and  boiling  points  of  water,  is  divided 
into  180  degrees.    The  boiling  point,  therefore,  is  212°. 

-  In  France,  the  thermometer  named  Reaumur's,  was 
for  a  time  very  generally  employed.  In  it  the  scale  com- 
mences at  the  freezing  point  of  water,  which  is  therefore 
marked  0,  or  what  is  named  the  Zero.  Between  it  and 
the  boiling  point  of  water,  there  is  a  scale  divided  into  SO 


ciety,  in  the  67th  volume  of  the  Transactions  of  the  Society. 
They  state,  in  particular,  the  errors  arising  from  plunging  more 
or  less  of  the  stem  in  boiling  water,  in  fixing  the  boiling  point, 
(a  circumstance,  I  may  observe,  for  which  in  common  thermo- 
meters a  correction  is  requisite,  in  observing  the  higher  tem- 
peratures), and  from  the  variably  pressure  of  the  atmosphere, 
as  affecting  the  boiling  of  the  water,  and  recommend  that  the 
thermometer  be  adjusted  either  when  the  barometer  is  at  29.5, 
by  immersing  the  ball  in  water,  or  at  29.8,  by  exposing  it  to 
steam. 

*  It  is  uncertain,  however,  in  what  manner  Fahrenheit  ob- 
tained this  temperature  from  such  a  mixture,  as,  from  mixing 
snow  and  salt,  the  temperature  is  4°,  or  even  6°  below  the  be- 
ginning of  his  scale. — Philosophical  Transactions,  vol.  Ixxviii. 
p.  301.. 
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degcees,  the  point  at  which  water  bolls  being  termed  tht 
80th  degree.  The  correspondence  between  these  two 
thermometers  is  easily  found,  by  the  following  general 
formula :  Each  degree  of  Fahrenheit's  scale  is  equal  to 
^ths  of  a  degree  of  Reaumur's.  If,  therefore,  the  num- 
ber of  degrees  of  Fahrenheit's,  either  above  or  below  the 
freezing  point  of  water,  be  multiplied  by  4-,  and  divided 
by  9,  the  quotient  will  be  the  corresponding  number  on 
Reaumur's.  Or,  to  reduce  those  of  Reaumur's  to  Fah- 
renheit's, they  must  be  multiphed  by  9  and  divided  by  4f. 

Besides  these,  other  divisions  of  the  thermometrical 
scale  have  been  invented,  but  have  fallen  into  disuse  *, 
That  of  De  Lisle's,  in  which  the  scale  commences  at  the 
boiling  point  of  water,  and  proceeds  to  the  freezing  point, 
through  150  degrees,  is  sometimes  mentioned  by  authors ; 
and  the  division  of  Celsius,  which  was  used  in  Sweden, 
has  been  revived  in  France.  It  commences  at  the  freez- 
ing point  of  water,  and  between  that  and  the  boiling  point 
is  divided  into  100  parts;  hence  it  has  been  named  the 
Centigrade  Thermometer.  This  division  is  superior  to 
that  of  Reaumur's,  and  is  more  simple  than  Fahrenheit's. 
Each  degree  of  Fahrenheit's  scale  is  equal  to  l^ths  of  a  de- 
gree of  the  centigrade  scale.  To  reduce,  therefore,  the 
degrees  of  the  fornier  to  those  of  the  latter,  the  number 
of  degrees  of  Fahrenheit  above  or  below  the  freezing 
point  of  water  are  to  be  multiplied  by  5,  and  divided  by 
9.  Or,  to  reduce  those  of  the  centigrade  scale  to  Fah- 
renheit's, their  number  must  be  multiplied  by  9,  and  di- 
vided  by  5. 


*  See  Martine  on  Heat  and  Thermometers. 
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Of  these  scales,  the  centigrade  is  perhaps  the  most  na- 
tural division,  and  hence  several  British  philosophers  are 
disposed  to  receive  it  in  place  of  Fahrenheit's.  Fahren- 
heit's, however,  has  an  iniportant  advantage,  that  the  di^ 
visions  are  smaller,  and  hence  it  is  much  less  requisite  to 
Tise  fractional  parts,  which,  in  simple  observations,  are  apt 
tp  be  neglected,  and  in  calculation  are  inconvenient.  It 
has  another  advantage,  that  the  commencement  of  the 
scale  being  placed  at  a  low  temperature,  we  have  seldom 
to  express  negative  degrees  •,  while,  in  the  centigrade,  and 
in  Reaumur's  scale,  it  is  always  necessary,  either  by  pre- 
fixing the  signs  of  plus  and  minus,  or  by  terms,  to  denote 
whether  the  number  stated  is  above  or  below  the  zero. 
Yet  Fahrenheit's  is  after  all  a  very  arbitrary  and  inartif- 
icial division.  It  appears  to  me,  that  a  scale  might  be 
formed,  preferable  to  any  we  yet  have,  by  taking,  as  the 
extreme  points,  the  temperatures  of  freezing  and  boiling 
quicksilver ;  the  one  being  — 39°  of  Fahrenheit,  and  the 
other  +  672°  *,  and  dividing  the  intermediate  space  into 
1000  parts.  The  degrees  would  thus  be  smaller  even 
than  Fahrenheit's,  without  being  too  much  so,  to  be  in- 
convenient either  in  the  construction  of  the  instrument, 
or  for  observation  ;  fractional  parts  might  In  general  be 
entirely  disregarded  •»  and  the  commencement  of  the  nu- 
meration being  so  low,  we  should  scarcely  ever  have  to 
express  negative  degrees.  The  commencement  of  the 
scale  would  also  be  about  the  lowest  natural  temperature. 
It  seems  the  most  natural  method,  too,  to  assume  the 
freezing  and  boiling  points  of  the  fluid,  which  is  the  most 


*  Ascertained  by  Irvine,  with  accuracj*. 
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accurate  thermomctrical  one,  and  is  most  generally  em- 
ployed for  that  purpose,  as  the  fixed  points  of  the  scale 
which  its  expansions  are  to  measure.  These  points,  by 
careful  experiment,  might  be  fixed  with  accuracy,  and 
the  degrees  which  correspond  with  the  freezing  and  boil- 
ing points  of  water  determined  by  actual  trial ;  and  this 
being  done,  in  the  construction  of  the  instrument  the  com- 
mon method  might  still  be  followed,  though  the  scale 
might  be  divided  and  numbered  in  relation  to  the  freezing 
and  boiling  points  of  quicksilver. 

The  fluid  in  these  thermometers,  I  have  already  obser- 
ved, is  either  mercury  or  coloured  alkohol,  and  to  certain 
purposes  one  of  these  is  better  adapted  than  the  other. 
For  common  use,  the  mercurial  is  preferable  to  the  spirit 
thermometer,  because  the  expansions  of  mercury,  from 
given  alterations  of  temperature,  are  much  more  uniform 
than  thoee  of  alkohol.  It  is  therefore  more  accurate.  It 
also  suffers  changes  of  temperature  with  more  celerity, 
and  is  therefore  more  sensible  ;  and  to  suffer  any  given 
alteration  of  temperature,  it  requires  less  caloric  than  any 
other.  It  can  also  measure  higher  temperatures.  Alko- 
hol is  converted  into  vapour  at  182°  of  Fahrenheit ;  it  can 
therefore  be  used  only  to  measure  temperatures  inferior 
to  this,'  while  mercury  is  not  converted  into  vapour  under 
at  least  650°.  Alkohol,  however,  has  the  opposite  advan- 
tage, that  of  being  capable  of  measuring  very  low  tempe- 
ratures, mercury  becoming  solid  at  39°  below  0  of  Fah- 
renheit, while  alkohol  has  not  yet  been  frozen,  and  can 
therefore  be  employed  to  measure  the  most  intense  colds. 
Its  chanfres  of  volume  are  also  more  regular  at  these  low 
than  they  are  at  high  temperatures.    And,  at  all  tcmpe- 
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ratures  at  which  It  is  practicable  to  apply  it,  its  expansions 
from  given  changes  of  temperature  are  greater  than  those 
of  other  fluids  ;  hence  the  changes  in  the  thermometrical 
scale,  constructed  with  it,  are  more  conspicuous ;  but,  at 
the  same  time,  as  its  expansibility  very  sensibly  augments 
with  its  temperature,  they  are  less  accurate,  and  the  ratio 
of  expansibility  varying,  too,  with  its  concentration,  ano- 
ther source  of  error  is  introduced.    The  degree  of  expan- 
Mon  can  be  rendered  apparent  to  as  great  an  extent  in 
quicksilver,  by  using  a  tube  of  a  very  fine  bore,  while  in 
alkohol  this  cannot  be  done  to  the  same  extent,  from  the 
error  introduced  by  its  adhesion  to  the  tube.  .  Hence, 
perhaps,  for  every  purpose  except  that  of  measuring  very 
low  temperatures,  the  mercurial  thermometer  should  be 
preferred  to  that  with  alkohol.    Oil  has  scarcely  any  ad- 
vantage as  a  thermometrical  fluid,  and  its  viscidity  causes 
it  always  to  adhere  more  or  less  to  the  tube. 
.  In  order  that  the  thermometer  might  be  employed, 
with  certainty,  as  an  instrument  for  measuring  variations 
of  temperature,  it  was  necessary  to  ascertain,  whether  the 
expansion  and  contraction  of  the  thermometrical  fluid  cor- 
responded, in  every  degree,  to  the  addition  or  abstraction 
of  caloric.    If  the  addition  of  a  certain  quantity  of  calo- 
ric, at  a  low  temperature,  cause  less  or  more  expansion 
than  the  addition  of  an  equal  quantity  at  a  high  tempe- 
rature, it  is  evident,  that  the  information  we  receive  from 
the  instrument  is  not  accurate. 

Experiments  have  therefore  been  made,  to  determine 
this  point.  The  subject  had  engaged  the  attention  of 
Halley,  Dr  Brooke  Taylor,  Dr  Black  gnd  others,  and  the 
tame  general  experiment  was  made  to  determine  it.  It 
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consisted  in  selecting  a  thermometer,  the  tube  of  which 
was  perfectly  cylindrical,  immersing  it  in  hot  water,  and 
marking  the  point  at  which  the  thermometrical  fluid 
stands  ;  then  immersing  it  in  an  equal  weight  of  cold  wa- 
ter, and  again  marking  the  part  of  the  scale  where  it  is 
stationary  ;  lastly,  mixing  the  two  portions  of  water,  and 
observing  at  what  point  the  fluid  of  the  thermometer  im- 
mersed in  the  mixture  stands.    If  the  temperature  indi- 
cated be  the  exact  mean  between  the  two  temperatures, 
it  may  be  concluded,  that  the  expansions  proceed  equal- 
ly, and,  of  course,  that  the  indications  will  be  correct ; 
while,  if  it  differ  from  the  mean,  it  must  be  concluded, 
that  the  ratio  of  expansion  is  unequal.    The  experiment 
requires  much  care  in  the  execution  to  guard  against 
sources  of  error,  particularly  from  the  effect  of  the  vessel 
on  the  temperature  of  the  mixed  fluid,  and  the  abstraction 
of  heat  by  the  air,  or  by  the  escape  of  vapour.    It  was 
executed  with  much  attention  by  De  Luc,  at  an  early  pe- 
riod, and  the  result  was,  that  the  different  thermometri- 
cal fluids  do  not  expand  in  an  uniform  proportion  to  the 
quantities  of  caloric  they  receive,  but  proceed  in  an  in- 
creasing  ratio,  as  the  temperature  is  raised  *. 


*  Mr  Dalton  has  observed,  that  this  experiment  to  deter- 
mine the  accuracy  of  the  thermometer,  by  mixing  equal  por- 
tions of  hot  and  cold  water,  and  observing  the  temperature  of 
the  mixture  as  indicated  by  the  instrument,  is  liable  to  another 
source  of  error,  from  the  increase  of  capacity  for  caloric  which 
water  probably  sulTers  from  augmentation  of  its  temperature. 
This  property,  the  capacity  for  caloric,  is  connected  to  a  cer- 
tain extent  with  the'^olume  a  body  occupies.  Now,  the  ex- 
pansion of  water  i^rofcecding  in  an  increasing  ratio,  the  volume, 
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<^uicks;iv€r  was  by  far  the  most  regular  yet,  eveiJ  in 
>t,  tlw  a«viatl<AB  was  very  apparent,  Wlien  a  quantity  of 
watc-r  at  45"^  wa«  mixed  witli  an  equal  weight  at  200.7* 
ilie  mercurial  tiiermometer,  put  into  the  mixed  fluid,  in- 
dicated tine  temperature  to  be  2.5  degress  less  than  tfee 
arithmetical  mean  and  witen  the  experiment  was  made 
at  other  temperatures,  correspoudiiig  results  were  obtain- 
ed* 

With  oriier  fluids  the  deviations  were  still  greater. 
While  the  mercurial  thermometer,  placed  in  water  of  the 
precise  meai:  temperature  between  Si 2*  a»d  iiii«tead 


when  two  equal  portions  at  different  temperatures  are  mixed 
together,  must  be  below  the  racau  ;  there  is  accordiagly,  iu 
mixing  equal  portions  of  water  ?.t  3^  and  212",  a  condensa- 
tion voluBie  equal  to  about  l-90th  of  its  bulk.  This  is  pro- 
bably accoaipaflied  with  a  diatioudoa  of  capacity,  and  from 
this  cause  a  quantity  of  heat  must  be  given  out  in  the  experi- 
ment, which  must  raise  the  temperature  above  the  true  mean, 
or  c-ause  the  resulting  temperature  to  appear  higher  than  it 
truely  w.  Tlie  extent  this,  liowever,  it  is  not  easy  to  detei  - 
MMHf,  «»  we  do  not  know  ihe  relation  between  the  chauge  of 
yohiaae  aad  the  chauge  of  capacity.  It  may  therefore  be  tri- 
vial. The  objection,  too,  does  not  apply  to  Dr  Crawford's 
experiment,  stated  in  a  succeeding  paragraph  in  ihe  text,  of 
exposing  the  thermometer  equally  to  ttie  influence  of  air  cod- 
ed by  snoir  to  82''',  and  of  air  heated  by  steam  to  2J2^  j  from 
which  pri/MUpally  this  philosoplier  inferred,  tliat  this  uiatrfU- 
mect  is  ail  accurate  measure  of  heat ;  and  farther  inferred, 
combined  with  the  other  mode  of  experiment,  that  the  capa- 
city of  water  for  caloric  scarcely  varies  from  32**  to  212®. — 
(Treatise  oo  AaimaJ  Heat^  p.  39.  di.) 

*  P^echerches  sur  ks  Modificatiojat  de  l'Araio6pherc,  torn.  i. 
p.  ^'Jh.  302. 
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of  indicating  that  mean  122°  stood  at  119°;  a  thermo- 
meter with  olive  or  linseed  oil  was  still  farther  from  the 
mean,  or  indicated  only  117°,  one  with  alkohol  108°; 
and  so  great  was  the  irregularity  in  water,  that  its  indi- 
cation was  only  75°  *.  Hence  the  great  superiority,  in 
accuracy,  of  the  mercurial  thermometer. 

It  follows,  however,  from  the  deviation  from  equality 
in  the  expansions  even  of  quicksilver,  that  the  thermo- 
meter constructed  with  it,  though  the  most  accurate  of 
any,  cannot,  according  to  the  common  division  of  the 
•scale,  be  considered  as  an  exact  measure  of  temperature. 
When  it  indicates  a  temperature,  for  example,  as  119°, 
the  real  temperature,  according  to  De  Luc's  estimate,  is 
122°.  This  might  be  obviated,  by  accommodating 
the  degrees  on  the  scale  to  the  real  expansions  f ;  and 
when  delicate  investigations  on  temperature  are  required, 
a  thermometer  on  this  construction  ought  always  to  be 
employed.  In  the  common  construction  of  the  instru- 
ment this  is  not  attended  to ;  and  hence  the  advantage  of 
a  table  which  shall  point  out  the  correspondence  between 
the  apparent  and  the  real  indications.  De  Luc  has  given 
one  from  the  above  experiments,  adapted  to  Reaumur's 
scale,  to  which  I  have  added  the  corresponding  numbers 
on  the  scale  of  Fahrenheit,  as  it  is  generally  used  in  this 
country.  The  two  extreme  points,  those  of  the  freezing 
and  boiling  of  water,  are  supposed  tQ  be  accurately  de- 
termined in  the  thermometer ;  and  as  these  are  receded 
from,  the  deviations  from  the  real  temperature,  in  the 


*  Rccherches,  t.  i.  p.  311. 
t  Ibid,  t.  i.  p.  307. 
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temperatures  which  the  mercurial  thermometer  indicates, 
become  greater.  The  first  column,  according  to  each 
scale,  expresses  the  temperatures  on  the  mercurial  ther- 
jnometer,  graduated  in  the  common  manner,  and  the  se- 
•cond  the  corresponding  real  temperatures, 


Reaum. 

Reaum. 

Fahr. 

Fahr. 

80 

80. 

'212. 

212. 

75 

75.28 

200.75 

201.38 

70 

70.56 

189.5 

190.76 

65 

65.77 

178.25 

179.98 

60 

60.96 

167. 

1691.6 

55 

56.15 

155.75 

158.34 

SO 

51.26 

144.5 

147.33 

45 

46.37 

133.25 

136.33 

40 

41.40 

122. 

125.15 

35 

36.40 

110.75 

113.90 

SO  ' 

31.32 

99.5 

102.47 

25 

26.22 

8S.25 

90.99 

20 

21.12 

77. 

79.52 

15 

15.94 

65.75 

67.86 

10 

10.74 

54.5 

56.16 

5 

5.43 

43.25 

44.22 

0 

0 

.  32. 

32. 

Dr  Crawford,  to  whom,  in  his  researclies  on  heat,  the 
determination  of  this  point  was  of  primary  importance, 
repeated  these  experiments.  He  likewise  found,  that 
the  mercurial  thermometer  always  indicated  less  than 
the  mean  temperature,  though  the  deviation  was  not  so 

*  Rechcrches,  t.  i.  p.  309. 
Vol.  I.  K 
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great  as  in  the  experiments  of  De  Luc,  being,  on  a 
average,  little  more  than  0.5  of  a  degree,  when  the  dii 
ference  of  temperature  between  the  two  portions  of  water 
amounted  to  100  degrees*-,  and,  according  to  a  correc- 
tion he  afterwards  made,  not  more  than  0.25° -f. 

This  result  was  confirmed  by  an  experiment,  made  i 
a  manner  somewhat  different.  A  mercurial  thermome 
ter  was  suspended  in  an  apparatus,  in  which  it  wa 
equally  exposed  to  the  influence  of  air,  cooled  by  sno 
to  32°,  and  of  air  heated  by  watery  vapour  to  212°.  I 
rose  to  121°,  and  remained  stationary  at  that  for  fiftee 
minutes,  the  time  during  which  the  experiment  was  con 
tinued.  It  hidicated,  therefore,  a  temperature  one  de- 
gree inferior  to  the  arithmetical  mean,  when  the  difFe 
rence  of  temperature  amounted  to  180  degrees  {,  whic' 
agrees  nearly  with  the  result  of  the  preceding  experi 
ment.  Even  this  deviation  from  the  precise  arithmetica 
mean  he  supposed  to  be  diminished,  by  admitting  a  cor 
rection  for  the  effect  of  the  temperature  on  the  quanti 
of  fluid  in  the  stem  of  the  thermometer  §. 

In  these  experiments,  the  deviation  of  the  mercuria 
thermometer  from  perfect  accuracy  is  considerably  les 
than  that  stated,  by  De  Luc ;  and  the  latter  philosophe 
admitted  even,  from  some  considerations,  that  it  migh 
be  less  than  appeared  in  his  experiments.  There  is  som 
reason,  on  the  other  hand,  to  believe,,  that  Dr  Crawfor 
supposed  the  deviation  to  be  less  than  it  really  is  ;  and  th 
preceding  table  by  De  Luc,  perhaps  gives  the  difference 
between  the  real  and  observed  temperatures,  as  indicate 


*  Experiments  on  Animal  Heat,  p.  22. 
t  Ibid.  488.        t  Ibid.  p.  40.       §  Ibid.  p.  48. 
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by  the  mercurial  thermometer,  from  32°  to  212°  of  Fah- 
renheit, not  very  remote  from  the  truth.  Above  212,  the 

;  irregularities  in  the  expansions  of  mercury  become  great- 
er ;  and,  in  other  fluids,  they  are  so  considerable,  as  to 
render  them  unfit  to  measure  temperature  with  accuracy. 
The  inaccuracy,  it  is  obvious,  in  all  these  cases,  arises 
from  the  expansibility  of  fluids,  augmenting  as  their  tem- 
perature is  raised ;  and  to  render  the  thermometer  a  cor- 
rect measure  of  temperature,  its  degrees  ought  to  be  ad- 
justed to  this.    HenCe  the  desideratum  that  this  should  be 

(accurately  ascertained  *. 

*  Mr  Dalton,  in  his  researches  on  this  subject,  (New  Sys- 
tem of  Chemical  Philosophy  ),  has  given  a  view  of  it,  from  which 
it  would  result,  that  the  deviation  from  accuracy  in  the  scale 
of  the  mercurial  thermometer,  on  the  common  construction,  is 
even  much  greater  than  was  stated  by  De  Luc.    The  appa- 
I  rently  equal  expansion  of  mercury,  he  observes,  arises  from  our 
i  taking  a  small  portion  of  the  scale  of  expansion,  and  that  at 
I  some  distance  from  the  freezing  point  of  the  liquid.  He  adds, 
I  that  he  has  reason  to  conclude  that  water,  mercury,  and  in  ge- 
neral all  pure  homogeneous  liquids,  notwithstanding  the  appa- 
:  rent  diversity  in  their  rate  of  expansion,  actually  expand  accord- 
;  ing  to  the  same  law, — the  quantity  of  expansion  being  as  the 
square  of  the  temperature  from  their  respective  freezing  points, 
or  points  of  greatest  density.    Now,  if  a  mercurial  thermome- 
ter be  graduated  according  to  this  principle,  it  will  differ,  as 
Mr  Dalton  remarks,  from  the  ordinary  one  with  an  equi-differ- 
I  ential  scale,  by  having  its  lower  degrees  smaller,  and  the  up- 
per ones  larger  ;  the  mean  between  freezing  and  boiling  wa- 
iter,  or  122  on  the  new  scale,  will  be  found  about  110°  on 
Ithe  old  one.    The  following  table  shews  the  correspondence 
'  between  these  thermometers.    The  first  column  denotes  true 
equal  intervals  of  temperature,   between  the  freezing  and 
I  boiling  of  water,  according  to  Fahrenheit's  scale  of  division  j 
the  second  column  represents  the  corresponding  intervals  of 
!  K2 
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The  thermometer,  on  the  construction  hitherto  descri- 
bed, is  necessarily  very  limited  in  its  application.  When 


temperature,  on  the  scale  of  Fahrenheit,  as  it  is  commonly 
constructed  ;  and  the  third  represents  these  with  a  correction 
for  the  expansion  of  the  glass  of  the  thermometer,  this  expan- 
sion being  greater  at  high  than  at  low  temperatures. 


32 

32  — 

32° 

A  O 

39  3 

52 

46.G 

47.— 

62 

54.4<4 

55.— 

7,2 

62.55 

63.3 

82 

71.04 

72.— 

92 

79  84 

81 

102 

89.02 

90.4 

112 

98.49 

.    aoo  1 

122 

108.3 

110.— 

132 

118.5 

120.1 

142 

129.— 

130.4 

152 

139.9 

141.1 

162 

151.— 

152  — 

172 

162.4 

163  2 

182 

174.4 

175— 

192 

186.5 

1 86.9 

202 

199.— 

199.2- 

212 

212. 

212  

In  the  oiher  parts  of  the  scale,  the  discordaiice  between 
these  thermometers  is  still  greater,  and  at  the  extremes  is  very- 
great,  the  freezing  point  of  mercury  being  on  the  one  —  40, 
on  the  other — -175. 

To  admit  of  so  great  an  alteration  of  the  thermometric 
scale,  as  Mr  Dalton  proposes,  n  quires  however  a  more  full 
statement  than  has  been  given  of , the  facts  on  which  the  law  c". 
expansion  which  regulates  it  rests.  It  appears  to  me  to  rest  a 
good  deal  on  analogy,  instead  of  dir(^;t  experiments  ;  or  at 
least  these  expcrimeuts  are  not  sufficiently  detailed  to  allow  u* 
to  judge  how  far  they  are  conclusive. 
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jnade  with  alkoliol,  it  ean  be  used,  indeed,  to  measure  the 
most  intense  colds.  But  it  cannot,  even  when  mercury, 
the  least  volatile  Uquid,  is  used,  be  applied  to  indicate  very- 
high  temperatures,  as,  at  such  temperatures,  the  fluid 
must  be  converted  into  vapour,  and  burst  the  tube. 

To  supply  this  deficiency,  and  to  measure  high  tenipe- 
tatures,  various  methods  have  been  proposed.  A  very  in- 
genious one  was  employed  by  Newton.  Assuming  that 
the  quantities  of  heat  lost  by  a  body  in  small  portions  of 
time,  are  proportional  to  the  excess  of  its  temperature  a- 
l»ove  that  of  the  surrounding  medium  ;  or  that,  taking  the 
times  of  cooling  in  arithmetical  progression,  the  decre- 
ments of  heat  will  be  in  a  geometrical  one ;  and  obser- 
ving the  time  of  cooling,  until  the  temperature  is  suffi- 
ciently reduced  to  admit  of  being  accurately  measured  in 
some  other  mode,  the  original  temperature  may  be  disco- 
vered, and  the  highest  temperatures  thus  measured.  By 
this  method,  Newton  determined  various  high  temperar 
tures,  such  as  that  of  ignition  visible  in  the'dark  which  he 
Stated  at  635°  of  Fahrenheit,  and  in  day-light  at  1000°-, 
and  it  was  afterwards  applied  by  Dr  Irvine^  as  Well  as  by 
J)r  Crawford,  in  their  delicate  experiments  on  the  abso- 
lute heats  of  bodies,  this  being  the  only  mode  in  which 
they  could  determine,  with  any  accuracy,  the  quantities 
of  heat  lost  by  bodies  mixed  together  at  different  tempe- 
ratures, during  the  short  time  which  elapses  before  a  com- 
mon temperature  is  formed 

Different  instrun^ents,  (named  Pyrometers^  as  being 
thus  applied  to  measure  great  heats),  have  also  been  iur 


*  Crawford  on  Animal  Heat,  p.  99. 
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vented  for  this  purpose  of  the  greater  number  of  which, 
it  is  scarcely  necessary  to  give  a  detailed  account.  The 
difficulty  of  contriving  an  unexceptionable  instrument  of 
this  kind,  has  arisen  partly  from  the  difficulty  of  finding  a 
substance  not  liable  to  be  altered  by  a  high  temperature, 
and  which  shall  suffer  a  change  of  volume,  sufficiently  per- 
ceptible to  be  accurately  measured  ;  and  partly  from  that 
of  finding  a  measure,  which  shall  not  itself  be  affected  by 
the  high  temperature,  and  be,  at  the  same  time,  sufficient- 
ly delicate. 

The  pyrometer  in  which,  perhaps,  these  difficulties 
have  been  most  effectually  surmounted,  and  which  has 
come  into  most  general  use,  is  that  invented  by  the  late 
Mr  Wedgwood.  The  pure  earth  named  Argil,  and  the 
different  earths  (the  clays)  in  which  it  predominates,  have 
the  singular  property  of  not  expanding,  but  of  contract- 
ing by  heat.  This  contraction  begins  to  become  evident, 
when  the  clay  is  raised  to  a  red  heat^^;  it  continues  to  pro- 
ceed until  it  vitrifies,  and  the  total  contraction,  in  pure 
clays,  exceeds  considerably  one-fourth  of  the  volume  in 
every  direction. 

It  occurred  to  Mr  Wedgwood,  that  from  this  property, 
it  might  be  employed  in  the  construction  of  a  pyrometer. 
The  contraction  the  clay  suffers  is  permanent,  or  it  does 
not  return  to  its  former  dimensions  when  cold.  The  de- 
gree of  contraction  it  has  suffered,  therefore,  can  be  as- 
certained without  any  source  of  fallacy  from  the  gage, 
and  will  indicate  the  extreme  of  temperature  to  which  it 
has  been  exposed. 

This  pyrometer  consists  of  a  gage,  composed  of  two 
straight  pieces  of  brass,  twenty-four  inches  long,  divided 
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into  inches  and  tenths,  and  fixed  on  a  brass  plate,  so  as  to 
converge  ;  the  space  between  them  at  the  one  extremity 
being  five-tenths  of  an  inch,  and  at  the  other  three-tenths. 
The  pyrometrical  pieces  of  clay  are  small  cylinders,  flat- 
tened on  one  side,  made  in  a  mould,  so  as  to  be  adapted 
exactly  to  the  wider  end.  It  is  evident,  that  in  exposing 
one  of  these  pieces  to  a  high  temperature^  the  contraction 
it  has  sufi^ered  may  be  measured,  by  the  length  to  which 
it  can  be  slid  into  the  converging  groove  or  gage  *. 

The  utility  of  this  instrument,  it  was  obvious,  would 
be  much  increased  by  connecting  it  with  the  mercurial 
thermometer,  and  by  ascertaining  the  proportion  between 
the  degrees  of  each ;  and  this  was  done  by  Mr  Wedg- 
wood. The  scale  of  his  pyrometer  commences  at  red- 
heat  fully  visible  in  daylight.  The  mercurial  thermome- 
ter cannot  easily  measure  any  temperature  above  500°  or 
650° ;  and  hence,  between  the  termination  of  the  scale  in 
the  one,  and  its  commencement  in  the  other,  there  is  a 
range  of  temperature  requiring  to  be  measured.  This 
Mr  Wedgwood  did,  by  the  expansions  of  a  square  piece 
of  silver,  measured  in  a  gage  of  earthen- ware,  constructed 
in  the  same  way  as  his  pyrometer ;  and  by  the  same  me- 
thod, he  found  out  the  proportion  between  each  degree 
of  his  scale,  and  that  of  any  of  the  usual  thermoraetrical 
scales.  Each  degree  of  his  pyrometer  he  found  to  be 
equal  to  130°  ot  Fahrenheit.  The  commencement  of  his 
scale,  or  the  point  marked  0,  corresponds  with  1077^°  of 
Fahrenheit's  scale.  From  these  data,  it  is  easy  to  reduce 
either  to  the  other,  through  their  whole  range.  The 


*  Philosophical  Transactions,  vol,  Ixxii.  p.  310. 
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scale  of  Wedgwood  includes  an  extent  of  temperature 
equal  to  about  32^000°  of  Fahrenheit,  or  54*  times  as 
much  as  that  between  the  freezing  and  boiling  points  of 
mercury*.  Its  commencement,  as  has  been  stated,  is  at 
1077^**  of  Fahrenheit,  or  red-heat  fully  visible  in  day- 
light J  its  extremity  is  240° ;  but  the  highest  heat  that  he 
measured  with  it  is  160°,  or  21,877°  of  Fahrenheit;  be- 
ing the  temperature  of  a  small  air-furnace,  and  30°  of  his 
scale  above  the  point  at  which  cast-iron  melts. 

With  regard  to  the  accuracy  of  this  pyrometer,  Mr 
Wedgwood  found  from  experience,  that  the  pyrometrical 
pieces  were  liable  to  suffer  variable  contractions  from  cir- 
cumstances, in  their  preparation,  apparently  minute,  seve- 
ral of  which  he  has  fully  pointed  out  f.  A  source  of 
error  not  so  easily  remedied  is,  that  natural  clays,  taken 
even  from  the  same  bed  or  stratum,  and  apparently  of  si- 
milar qualities,  differ  considerably  in  the  contractions  they 
suffer  •,  and  the  kind  of  clay  which  Mr  Wedgwood  first 
employed  having  been  exhausted,  he  found  it  difficult  to 
substitute  any  other,  the  contractions  of  which  corres- 
ponded with  the  scale  he  had  originally  constructed.  He 
was  under  the  necessity,  indeed,  at  length,  of  making  an 
artificial  compound,  of  a  clay,  with  argillaceous  earth  pre- 
cipitated from  alum  %  ;  but  it  may  be  doubted,  whether 
such  a  composition  can  always  be  obtained  uniform,  and 

*  Philosophical  Transactions,  vol.  Ixxiv.  p.  36S. 
t  Ibid.  vol.  Ixxvi.  p.  390. 
:1  Ibid.  vol.  Ixxvi.  p.  101. 


TEMPERATURE,  ,  153 

there  ts  also  some  reason  to  doubt  if  these  latter  pyrome- 
trical  pieces  give  precisely  the  same  indications  as  those 
Mr  Wedgwood  first  employed,  and  from  which  he  con- 
structed his  scale. 

More  lately,  Guyton  has  proposed  a  pyrometer  for 
measuring  high  temperatures,  in  which  platina,  a  metal 
not  fusible  even  at  very  intense  heats,  is  employed  as  the 
measure  of  expansion.    A  rod  or  plate  of  this  metal  is 
placed  horizontally  in  a  groove  framed  in  a  mass  of  har- 
dened white  clay  ;  one  extremity  of  the  rod  is  supported 
on  the  mass  which  terminates  the  groove  ;  the  other 
presses  against  a  bended  lever  of  platina,  the  longest  arm 
of  which  forms  an  index  to  a  graduated  arc.  The  expan-p 
sion  which  the  rod  of  metal  suffers  from  exposure  to 
heat,  is  indicated  by  the  change  of  position  in  this  index. 
The  mass  of  clay  being  highly  baked,  will  not  introduce 
any  important  error  from  its  contraction  ;  and  the  al- 
teration which  it  may  suffer  during  the  exposure  to  heat, 
will  affect  only  the  small  distance  between  the  axis  of 
motion  of  the  index,  and  the  point  of  contact  of  the  plate, 
so  as  rather  to  diminish  the  effect  than  to  increase  it. 
Platina  having  the  important  advantage  of  not  melting 
by  any  heat  we  have  to  measure,  and  of  not  suffering  any 
chemical  change  from  it,  is  well  adapted  to  the  construc- 
tion of  a  pyrometer  *. 

Besides  these,  various  metallic  pytometers  have  been 
invented  capable  of  measuring  low  temperatures,  by 
the  expansion  being  multiplied  by  the  aid  of  wheels, 
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levers,  or  other,  mechanical  contrivances,  or  being  magni- 
fied by  microscopes.     Such  are  the  pyrometers  of  Mu- 
schenbroeck  j  that  described  by  Ferguson  ;  one  invented 
by  Mr  Ellicot,  with  which  he  measured  the  expansions 
of  various  metals  *  •,  one  by  Mr  Smeaton,  and  applied 
to  the  same  purpose  f ;  Mr  Ramsden's,  superior  to  the 
preceding  ones  in  delicacy  and  accuracy  :j:  j  Mr  Crich- 
ton's,  in  which  advantage  is  taken  of  the  difference  of 
expansion  between  a  rod  of  zinc  and  a  rod  of  iron,  to 
give  a  curvature  to  a  bar  composed  of  the  united  rods, 
proportioned  to  the  temperature  to  which  they  are  rais- 
ed ;  by  which  bending,  motion  is  given  to  an  index  that 
at  its  other  extremity,  where  the  scale  is  marked,  de- 
scribes a  considerable  space  ||  ;  and,  lastly,  one  by  Reg- 
nier,  on  a  principle  somewhat  similar,  of  which  a  report 
is  presented  to  the  French  National  Institute  §.  The 
strict  accuracy  of  these  instruments  may,  from  the  na- 
ture of  their  construction,  be  regarded  as  doubtful. 

Since  the  employment  of  the  thermometer,  or  rather  of 
the  expansion  of  bodies,  as  a  measure  of  their  tempera- 
ture, more  just  and  enlarged  views  have  been  acquired, 
of  the  distribution  of  caloric.  While  the  property  of  ex.r 
citing  the  sensation  of  heat,  was  the  only  one  by  which 
that  power  was  characterised,  or,  indeed,  the  only  pro- 
perty which  it  was  known  to  possess,  it  seemed  an  ob- 


*  Philosoph.  Trans,  vol.  xlvii. 

f  Ibid.  vol.  xlviii. 

J  Ibid.  vol.  Ixxv. 

j|  Philosoph.  Magazine,  vol.  xv. 

§  Mi^moircs  de  I'lnslitut  National,  torn.  ii. 
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vious  ^nd  just  conclusion,  that  those  bodies  which  did 
not  excite  that  sensation,  contained  none  of  it.  It  was 
then  accordingly  the  philosophical,  as  it  is  still  perhaps 
the  popular  opinion,  that  bodies  exciting  the  sensation  of 
heat,  contain  the  power  termed  Heat  or  Caloric,  while 
those  which  do  not  excite  this  sensation,  or  which  excite 
the  sensation  of  cold,  are  supposed  to  be  totally  deprived 
of  it,  or  even  to  have  imbibed  a  positively  frlgorific 
power,  opposite  in  its  nature  to  the  other. 

These  notions  are  now,  ho\yever,  justly  exploded. 
We  know,  that  at  the  most  intense  colds,  all  bodies  con- 
tain an  immense  quantity  of  caloric,  since  large  quantities 
of  it  can  be  abstracted  from  them  by  artificial  means,  and 
since  even  these  means  are  very  far  from  being  able  to 
abstract  the  caloric  entirely.  It  may  not  be  uninteresting 
to  state  the  facts  on  which  this  view  of  the  extent  of  the 
distribution  of  caloric  is  established. 

That  the  sensation  excited  by  a  body,  is  no  accurate 
test  of  the  caloric  it  contains  has  already  been  mentioned, 
and  may  be  rendered  evident,  by  stating  the  manner  in 
which  these  sensations  are  excited.  The  temperature  of 
the  human  body  is  generally  about  96°  of  Fahrenheit. 
When  any  substance  at  a  higher  temperature  than  this  is 
applied  to  our  organs,  it  gives  caloric  to  the  part  to  which 
it  is  applied,  and  this  excites  the  sensation  of  heat. 
When,  on  the  contrary,  any  substance  is  applied  at  an  in- 
ferior temperature,  it  abstracts  caloric,  and  this  gives  rise 
tp  the  sensation  of  cold.  Our  sensations,  however,  are 
all  of  them  much  influenced  by  preceding  impressions. 
Our  body  is  constantly  surrounded  with  air,  at  a  temper- 
^iture  always  inferior,  at  least  in  this  climate,  to  the  ani- 
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mal  temperature  ;  It  is  therefore  always  abstracting  caloric 
from  us  •,  hence  it  happens,  that  if  a  bod  y  is  applied  to  our 
organs,  inferior  to.  their  temperature,  but  superior  to  the 
temperature  of  the  surrounding  atmosphere,  the  abstrac- 
tion of  caloric  which  it  makes  is  inconsiderable,  and,  com- 
pared with  the  impression  which  the  air  makes  upon  us, 
it  seems  positively  warm.  In  general,  then,  it  may  be 
affirmed,  that  whatever  communicates  caloric  to  our  bo- 
dy, produces  the  sensation  of  heat ;  and  that  whatever 
abstracts  it,  causes  the  sensation  of  cold  ;  but  that,  that 
abstraction  requires  at  least  to  be  greater  than  that  made 
by  the  surrounding  atmosphere,  in  order  to  convey  to 
us  the  sensation  of  positive  cold.  Two  bodies,  also  at 
the  same  temperature,  will  occasion  different  sensations, 
according  to  the  rapidity  with  which  they  absorb  or 
give  out  caloric.  A  piece  of  iron,  at  32°,  will  feel  much 
colder  than  a  piece  of  wood  at  that  temperature,  merely 
because  the  former  abstracts  from  the  hand,  or  whatever 
part  of  the  body  touches  it,  caloric  much  more  rapidly 
than  the  other  •,  and,  if  the  iron  be  at  a  high  temperature, 
it  will  feel  hotter  than  the  wood  at  the  same  temperature, 
as  it  will  communicate  caloric  more  quickly. 

From  these  circumstances,  it  is  evident,  that  the  sen- 
sation excited  by  a  body  is  no  accurate  measure  of  the 
caloric  it  contains  ;  and  that  the  sensation  of  cold  will  be 
excited  by  any  substance  whose  temperature  is  inferior 
to  the  temperature  of  the  animal  body,  though  that  sub- 
stance may,  and  actually  does,  contain  a  large  quantity  of 
caloric. 

That  bodies  at  such  a  temperature  do  contain  caloric, 
is  proved,  in  the  first  place,  By  the  expansion  which  they 


TEMPERATURE.  157 

produce  in  the  thermometer,  if  its  temperature  has  been 
|)rcviously  reducedi,  and  if  it  is  then  applied  to  them  an 
expansion  whidi  can  arise  only  from  the  communication 
of  caloric.  Or  the  contractions  of  the  thermometrical  fluid 
itself,  shew  this  in  a  very  simple  wanner.    If  the  thermo- 
meter is  a,pplfed  to  water  which  is  freezing,  the  mercury 
will  stand  at  32°  ;  but  even  in  the  cold  of  this  climate.,  it 
falls  occasionally  much  lower.    At  32°,  tiierefore,  the 
mercury  must  have  contained  caloric,  since  it  is  only  by 
the  abstraction  of  that  power  that  it  could  contract,  and 
of  course  descend  in  the  scale.    At  Hudson's  Bay,  the 
mercury  has  been  observed  to  have  descended  to  50°  be- 
low 0  of  Fahrenheit,  or  8-2°  below  the  freezing  point  o£ 
water.    At  all  degrees  above  this,  therefore,  it  must  have 
contained  caloric  *,  and  even  at  that  intense  cold  of  which 
it  is  difficult  to  form  a  just  conception,  it  must  have  con- 
tained much  caloric,  since  by  artificial  means,  we  can 
sink  it  still  lowe-r  :  And  if  the  mercury  in  the  thermome- 
ter contained  caloric  at  theise  extreme  colds,  all  other 
bodies  must  have  contained  it,  since  it  is  the  property  of 
this  power  to  diffuse  itself  until  an  equilibrium  of  tempe- 
rature be  formed  ;  nor  can  it  be  accumulated  in  one  bo- 
dy without  being  present  in  the  contiguous  matter. 

Even  at  these  very  low  temperatures,  there  is  no  rea- 
son to  believe,  that  bodies  were  near  to  being  deprived  of 
iheir  caloric,  since,  even  then,  their  particles  must  have 
been  far  from  being  in  actual  contact ;  and  it  is  only  by 
the  repulsive  power  of  caloric  that  these  particles  are 
kept  asunder.  This  affords  a  still  more  extensive  view  of 
the  distribution  of  this  power.  A  solid  body  is  to  be  con- 
ceived of,  as  consisting  of  a  number  of  particles  of  the 
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same  nature,  kept  at  certain  distances  from  each  other, 
by  the  agency  of  caloric.  When  a  portion  of  it  is  with- 
drawn, these  particles  approach  nearer  to  each  other  ;  and 
hence  the  contraction  of  volume  that  takes  place.  But 
any  condensation  hitherto  effected,  is  very  far  from  that 
in  which  these  particles  would  be  in  contact,  nor  per- 
haps is  such  a  condensation  possible. 

It  has  farther  been  established,  that  the  fluid  and  aeri- 
form states  of  bodies,  are  owing  to  the  presence  of  calo- 
ric, a  fluid  being  merely  a  solid  reduced  to  the  fluid  form 
by  its  operation  ;  an  air,  a  fluid  brought  to  the  elastic 
state  by  the  same  cause.    As  there  are  many  fluids,  which 
require  to  be  exposed  to  the  most  intense  cold,  in  order 
to  render  them  solid,  and  some  which  have  not  even  yet 
been  congealed ;  and  as  of  the  airs,  scarcely  one  has  been 
brought  to  the  fluid  state  by  the  most  extreme  artificial 
cold,  the  conclusion  follows,  that  the  lowest  temperature 
yet  produced  is  far  from  that  point  at  which  caloric  would 
be  entirely  abstracted.    This  point,  according  to  a  calcu- 
lation afterwards  to  be  stated,  from  principles  not  im- 
probable, is  at  least  900°  of  Fahrenheit's  scale  from  the 
freezing  point  of  water.    «'  We  are  therefore,"  says  La 
Place,  "  to  consider  all  bodies  on  this  earth,  and  this 
«  planet  itself,  as  penetrated  with  an  immense  quantity 
"  of  caloric,  of  which  it  is  impossible  for  us  to  deprive 
"  them  entirely,  to  whatever  degree  we  may  diminish 
♦<  their  temperature."    It  is  a  portion  of  this  calorict  hat 
is  so  frequently  disengaged  and  rendered  sensible  by  che- 
mical action,  as  in  the  familiar  example  of  combustion. 
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SECT.  II.— 0/  the  Effects  of  Caloric. 

The  effects  produced  by  the  operation  of  Caloric  on 
matter  are  Expansion,  Fluidity,  Vaporisation,  and  Igni- 
tion. Of  these,  Expansion  is  the  most  general,  and  may 
first  be  considered. 

EXPANSIOX. 

When  a  body,  at  any  temperature,  is  brought  into  con- 
tact with  another,  the  temperature  of  which  is  higher,  a 
quantity  of  caloric  passes  from  the  latter  into  the  former. 
The  body  which  receives  the  caloric  is  expanded,  or  has 
its  volume  enlarged  in  every  direction.  This  expansion 
is  sufficiently  evident  in  the  thermometer  when  exposed 
to  heat.  Both  the  glass  and  the  thermometrical  fluid  are 
expanded,  but  the  expansion  of  the  fluid  being  greater,  it 
ascends  in  the  tube.  In  every  body  receiving  caloric, 
with  the  few  exceptions  to  be  afterwards  mentioned, 
when  its  volume  is  accurately  measured,  it  is  found  to  be 
enlarged. 

When  caloric  is  withdrawn,  contraction,  or  diminution 
of  volume  as  invariably  follows.  The  particles  approxi- 
mate, and  the  body  returns  through  the  difl^erent  degrees 
of  expansion  it  had  suffered  when  caloric  had  been  com- 
municated to  it,^  until  it  arrive  at  its  origiiial  volume. 
This  also  is  evident  in  the  descent  of  the  thermometrical 
iluid,  from  the  operation  of  cold  and  the  descent  con- 
tinues in  proportion  as  caloric  is  abstracted. 

The  first  important  fact  to  be  observed  with  regard  to 
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expansion  is,  that  it  is  extremely  diiTercnt,  in  difFerent 
bodies,  from  the  same  change  of  temperature,  being  in 
general  less  as  the  density  of  the  body  is  greater.  In 
solids,  it  is  so  inconsiderable,  as  not  to  be  perceived  with- 
out very  accurate  measurement  ;  in  fluids,  it  is  much 
more  evident ;  and  in  airs  or  vapours,  the  least  alteration 
of  temperature  is  accompanied  by  a  very  perceptible 
chimge  of  volume. 

If  we  descend  to  a  more  minute  examination  of  the 
degrees  of  expansion,  we  find,  that  in  solids  and  liquids 
at  least,  it  is  still  extremely  various.  In  solids,  as  the  ex- 
pansion, from  a  moderate  change  of  temperature,  is  in- 
considerable, the  difference  is  less  obvious  ;  but  still,  in 
those  which  have  been  the  subject  of  experiment,  it  has 
been  observed.  A  knowledge  of  the  expansibilities  of  the 
difFerent  metals  is  of  much  importance  in  difFerent  arts, 
and  more  particularly  in  the  construction  of  time-pieces  ; 
and  on  these,  therefore,  experiments  have  been  most  fre- 
quently made.  The  first  having  any  pretensions  to  ac- 
curacy, are  those  made  by  Mr  Ellicot,  when  engaged  iu 
prosecuting  his  method  of  correcting  the  irregularities  iu 
the  motions  of  time-pieces,  from  the  influence  of  heat  and 
cold  on  the  length  of  the  pendulum.  He  gave  the  fol- 
lowing table  of  the  proportions  in  the  expansions  of  difFer- 
ent metals  by  the  same  degree  of  heat : 

Gold,    Silver,    Brass,    Copper,    Iron,    Steel,  Lead, 
73         103         95  89         60        56  149 

A  more  extensive  table  was  given  by  Mr  Smeaton,  as 
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the  result  of  experiments  he  made  with  a  pyrometer  of 
his  invention.  The  table  indicates  how  much  a  foot  in 
length,  of  each  substance,  gains  in  length,  by  an  increase 
of  temperature  corresponding  to  180°  of  Fahrenheit's 
thermometer,  or  to  the  difference  between  freezing  and 
boiling  water,  expressed  in  such  parts  of  which  the  unit 
is  equal  to  the  10,000th  part  of  an  inch. 


"White  glass  barometer  tube, 

0.01(» 

Antimony,           -           -  _ 

0.0130 

Blistered  steel, 

0.0138 

Hard  steel,  - 

0.0147 

Iron,          -          _          .  _ 

0.0151 

Bismuth,           -           -  _ 

0.0167 

Copper  hammered. 

0.0204 

Copper,  8  parts,  with  1  of  tin, 

,0.0218 

Cast  brass,           -           -  _ 

0.0225 

Brass,  16  parts,  with  1  of  tin, 

0.0229 

Brass-Wire,  - 

0.0232 

Soeculum  metal. 

U.Uz  J5s 

iJidbb,  £i  pares,  witn  i  oi  zmc, 

0.0247 

Fine  pewter,          -          _  _ 

0.0274 

Grain  tin,           _           _  _ 

0.0298 

Lead,  2  parts,  with  1  of  tin. 

0.0301 

Zinc,  8  parts,  with  1  of  tin. 

0.0323 

Lead,          -          -          -  _ 

0.0344 

Zinc,          -          -          _  _ 

0.0353 

Zinc  hammered,  . 

0.0373* 

Lastly,  General  Roy  ascertained,  by  a 

pyrometer  in 

*  Philosophical  Transactions,  vol.  xlvii.  P 

IT.  p.  612. 

Vol.  T.  L 

OF  CALOIIIC. 

vented  by  Mr  Rainsden,  the  expansions  of  glass  and  va- 
rious metals.  The  first  column  of  the'  following  table, 
shews  the  expansion  in  parts  of  an  inch  on  one  footj 
from  180  degrees  of  Fahrenheit ;  the  second,  the  expan- 
sion in  similar  parts,  on  the  same  length  from  one  degree. 


Brass  on  one  foot,  in  one  variety,  0.0222646 

■  in  another,  'o.022713^ 

 in  a  third,  0.0227386 

Steel  rod,           -           -  0.0137368 

Cast  iron,          -          .  0  0133126 

Glass  tube,           -           -  0.0093138 

Solid  glass  rod,              -  0,0096944 


0.0001237 
0.0001262 
0.0001263 
0.0000763 
0.0000740 
0.0000517 
0.0000539* 


Mr  Troughton  has  since  stated  the  expansion  of  brass 
and  steel  somewhat  different ;  that  of  brass  from  ^0°  of 
temperature  being  0.000640  on  an  inch,  while  accord- 
ing to  Sm|i3ton  it  is  0.0006444,  and  according  to  Roy, 
0.00063  id^  that  of  steel  he  found  to  be  0.0003966, 
Smeaton  stating  it  at  0.000383S,  and  Roy  at  0.0003816. 
Variations  of  this  kind  will  probably  always  be  found 
where  simple  metals  are  not  employed. 

We  perceive  from  these  tables  very  little  connection 
between  the  expansibility  of  solids  and  any  of  their  pby- 
sical  or  chemical  properties.  That  it  has  no  relation  to 
their  density,  .either  directly  or  inversely,  is  very  well 
shewn  in  the  table  of  Eilicot,  where  gold  is  at  one  extre- 
mity and  lead  at  the  other,  though  these  two  approach 
nearest  in"  density,  while  copper,  iron,  &c.  are  placed  be- 
tween them  ;  and  this  is  also  obvious  from  many  exam- 
ples in  the  other  tables.  There  is  some  relation  between 
the  expansion  and  the  fusibility  ;  those  which  are  most 
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fusible,  as  antimony,  bismuth,  tin,  lead,  and  zinc,  ex- 
panding most  i  and  indeed,  in  the  entire  table  of  Ellicot, 
the  expansions  are  stated  almost  precisely  in  the  order  of 
the  fusibilities.  But  this  law  also  does  not  hold  invaria- 
bly, as  will  be  apparent  from  the  table  of  Smeaton,  where 
antimony,  for  example,  is  stated  as  expanding  less  than 
iron,  and  bismuth  less  than  copper,  though  such  devia^ 
tlons  may  in  part  arise  from  the  errors  to  which  all  these 
experiments  must  be  considered  liable. 

The  expansion  of  solids  from  heat  is  a  source  of  error 
in  the  construction  of  time-pieces,  the  pendulum  being 
lengthened  or  shortened  according  to  the  temperature, 
and  of  course  its  motions  varied.  This  error  is  corrected 
by  opposing  the  expansion  of  one  metal  to  that  of  an- 
other; so  that  in  a  compound  pendulum,  composed  of  two 
metals,  properly  adjusted  according  to  their  expansibili- 
ties, the  expansion  of  the  one  is  counteracted  by  that  of 
the  other,  and  the  length  remains  unaltered,  or  the  centre 
of  oscillation  of  the  pendulum  remains  always  at  the  same 
distance  from  the  point  of  suspension.  This  ingenious 
mode  of  remedying  the  deficiency  to  which  time-pieces 
are  liable,  appears  to  have  occurred  to  the  artists  Graham 
and  Harrison  i  the  application  of  it  was  executed  by  them 
in  different  methods  *,  and  since  their  time  has  been  fre- 
quently varied. 

In  fluids,  a  similar  difference  of  expansion  from  a  given 
change  of  temperature  is  observed  as  in  solids,  and  as 
their  expansions  are  greater,  these  differences  are  even 
more  conspicuous.  Thus,  the  expansion  of  water  from  a 
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given  change  of  temperature  is  greater  than  that  of  quick- 
silver from  the  same  change,  and  the  expansion  of  alko- 
hol  is  still  greater  than  that  of  water.  Taking  as  a  stan- 
dard of  comparison  the  expansions  they  suffer  in  the  rise 
of  temperature  from  50°  to  100°  of  Fahrenheit  ;  that  of 
quicksilver  is  not  more  than  -r|r  volume  at  50° ; 

tliiiit  of  water  about  of  its  volume  at  the  same  tempe- 
rature ;  while  that  of  alkohol  is  not  less  than  -/y.  The 
differences  in  the  expansibilities  of  different  liquids  is  not 
precisely  in  the  same  proportion  at  every  temperature,  as 
will  immediately  appear;  but  the  general  difference  re- 
mains, or  in  the  examples  here  given,  at  all  temperatures 
alkohol  is  more  expanded  than  water,  and  water  more 
than  quicksilver. 

Mr  Dalton  has  given  the  following  table  of  the  expan- 
sions of  the  more  common  liquids,  for  180°  of  tempera- 
ture, that  is  from  32°  to  212°,  the  volume  at  32  being 
denoted  by  1 . 


Mercury, 

Water,       _       -  - 
Water  saturated  with  salt, 
Sulphuric  acid. 
Muriatic  acid, 
Oil  of  turpentine. 
Ether,  - 
Fixed  oils, 
,  Alkohol,  - 
Nitric  acid. 


.0200=5-V 

.0500=Vo 

.0600=Vt 
.0600=^\ 

.0700=^'^ 

.0700=tV 

-  .0800=,!^.^ 
.0110=  f 

.    .0110=  t 
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Since  the  expansions,  both  of  different  solids  and  of 
different  liquids,  are  thus  unequal  from  equal  changes  of 
temperature,  it  might  be  expected  that  the  same  law 
would  be  observed  in  the  expansions  of  aeriform  fluids, 
or  that  different  bodies  existing  in  the  aerial  state  \vrould 
likewise  expand  unequally  in  suffering  the  same  change 
of  temperature.   That  such  was  the  law  was  at  one  time 
generally  admitted,  and  numerous  experiments  were  made 
to  determine  the  relative  expansions  of  the  different  aeri- 
form fluids,  both  those  which  are  permanently  elastic,  and 
those  which  exist  as  vapours.    Besides  the  experiments 
which  were  made  at  an  early  period  of  the  investigation, 
the  subject  occupied  the  attention  of  Roy,  Saussure, 
Priestley,  Monge,  Guyton,  and  other  philosophers,  biit 
the  results  of  their  labours  were  extremely  discordant. 
Priestley,  who  was  the  first  that  attempted  to  ascertain 
the  comparative  expansions  of  different  aerial  fluids,  as- 
signed to  them  very  different  proportions,  some  expanding 
two  or  three  times  more  than  others  *.  At  a  later  period 
similar  experiments  were  executed  by  Guyton  and  Duver- 
nois,  and  they  also  found,  that  the  aerial  fluids  expand 
very  unequally  from  the  same  augmentations  of  tempera- 
ture.   The  following  table  shews  the  total  dilatation  the 
airs  suffered  in  their  experiments  in  being  heated,  from, 
32°  to  212°  of  Fahrenheit  f. 


*  Experiments  and  Observations  on  Air,  vol.  iii.  p.  452. 
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Atmospheric  air, 

1-L 

067 

Oxygen  gas, 

4+  A 

•J.OO 

Nitrogen  gas, 

1.062 

X J. y  1.11        CH  VtlOy  • 

1 

Nitrous  gas. 

I 

IMS 

Carbonic  acid  gas. 

Ammoniacal  Gas, 

^  +1.248 

This  subject  has  since  been  investigated  by  Mr  Daltou 
and  by  Gay  Lussac,  and  their  experiments  agree  in 
establishing  the  general  result,  that  all  the  aeriform  fluids 
suffer  the  same  expansion  from  equal  augmentations  of 
temperature. 

Frgm  Gay  Lussac's  experiments,  which  seem  to  have 
been  made  \yith  much  accuracy,  and  with  an  apparatus 
not  liable  to  error,  it  appears,  that  100  parts  of  atmos- 
pheric air  are  expanded  by  an  elevation  of  temperature 
from  32°  to  212°  of  Fahrenheit,  to  137.5  parts,  this  be- 
ing the  me^n  result  of  six  experiments,  which  differed 
little  from  each  other.  Hence,  if  the  total  augmentation 
of  volume  be  divided  by  the  number  of  degrees  which 
produced  it,  or  by  180°,  it  will  be  found,  that  the  expan- 
sion for  each  degree  of  Fahrenheit's  scale  is  of  tlie 
original  volume.  The  mean  expansion  of  hydrogen  gas 
by  the  same  elevation  of  temperature  was  137.52  ;  of 
oxygen  gas  137.48  ;  and  of  nitrogen  gas  137.49  ;  dif- 
ferences so  trifling,  that  they  may  without  hesitation  be 
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ascribed  to  the  impossibility  of  rendering  the  circumstan- 
ces perfectly  the  same  in  all  the  experiments,  and  indeed- 
they  are  not  greater  than  what  appeared  in  the  different 
experiments  on  atmospheric  air.  The  experiments  were 
extended,  by  a  variation  in  the  apparatus,  to  gases  which 
are  soluble  in  water  •,  and  the  expansions  of  carbonic 
acid  gas,  muriatic  acid  gas,  sulphurous  acid  gas,  nitric 
oxide  gas,  and  ammoniacal  gas,  by  comparison  with  those 
of  atmospheric  air,  were  found  precisely  the  same;  The 
conclusion  follows,  therefore,  that  all  the  gases  jut.'dergo 
the  same  dilatation  from  the  same  elevation  of  tempera- 
ture. Of  the  vapours,  that  of  sulphuric  ether  being  the 
most  easily  managed,  was  submitted  to  experiment  by 
Gay  Lussac  •,  and,  by  comparing  its  expansions  above  the 
temperature  of  167®  with  those  of  atmospheric  air,  he 
found  them  to  be  precisely  alike  *. 

Mr  Dalton's  experiments,  which  preceded  by  some 
months  those  of  Gay  Lussac,  were  made  by  a  ver'y  sim- 
ple apparatus,  and  they  too  establish  the  conclusion, 
that  aeriform  bodies,  at  least  atmospheric  air,  hydrogen 
gap,  oxygen  gas,  nitric  oxide  gas,  and  carbonic  acid  gas, 
•which  were  those  submitted  to  trial,  undergo  the  same 
expansions  from  the  same  augmentations  of  teri>perature, 
100  parts  expanding  in  the  rise  of  temperature  from. 
.55*  to  212°  to  132.1,  to  which,  adding  four  parts  for  the 
expansion  of  the  glass  tube,  we  have  for  the  expansion 
of  the  air  132.5f.    This  gives  as  the  expansion  from 


*  Annales  de  Chimie,  t.  xliii,  p.  87.  Nicholson's  Journal, 
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t  Manchester  Memoirs,  vol,  v,  p.  595. 

"L  4 


16'8 


OF  CALORIC. 


32°  to  212°  137.3.  The  result  of  Gay  Lussac's  experi- 
ments isj  as  has  been  already  stated,  137.5.  The  expan- 
sion, therefore,  for  each  degree,  according  to  the  for- 
"^s''>  is  according  to  the  latter  an  agreement  as 
near  as  can  be  expected  in  experiments  of  this  nature. 
The  errors  and  discordant  results  in  former  experiments 
had  arisen,  as  both  Dalton  and  Cay  Lussac  have  remark- 
ed, principally  from  small  but  variable  quantities  of 
water  having  been  admitted  into  the  apparatus,  which, 
passing  into  vapour  as  the  temperature  was  raised,  added 
to  the  volume  of  the  aeriform  fluid. 

Bodies,  therefore,  existing  in  the  aeriform  state,  differ 
remarkably  from  liquids  and  solids,  in  their  expansions 
being  alike  from  given  changes  of  temperature. 

Another  important  fact  to  be  illustrated  with  regard 
to  expansion,  is  its  progression  with  regard  to  tempera- 
ture. It  is  obvious,  that  the  progression  may  be  regular, 
the  expansion  increasing  precisely  as  the  temperature 
rises,  so  that  a  double  elevation  of  temperature  shall  pro- 
duce a  double  expansion  ;  or  it  may  proceed  either  in  an 
increasing  or  decreasing  ratio. 

With  regard  to  liquids  it  has  been  established,  that  the 
expansion  does  not  proceed  in  an  equal  ratio,  according 
to  the  increase  of  temperature,  but  is  different  at  different 
parts  of  the  thermometrlcal  scale.  If  to  water  at  50"^,  a 
certain  quantity  of  caloric  be  added,  so  as  to  produce  a 
certain  degree  of  expansion,  if  an  equal  quantity  of  ca- 
loric be  added  to  the  water  at  60°,  it  will  produce  a  differ- 
ent degree  of  expansion,  and  the  same  difference  will  be 
observed  in  any  other  temperature,  and  with  every  other 
fluid,  though  in  different  degrees. 
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The  expansion  in  fluids  is  always  in  an  Increasing  ra- 
iio,  or  if  a  given  quantity  of  caloric  produce  a  certain  de- 
gree of  expansion  in  a  fluid  at  a  low  temperature,  it  will 
occasion  a  greater  expansion  at  a  high  temperature.  Hence 
the  expansibility  of  any  fluid  is  least  near  to  its  freezing, 
and  greatest  near  to  its  boiling  point,  and  the  difFerences 
between  these  extremes  is  in  some  of  them  considerable. 
This  is  very  evident  In  water,  in  which  the  difi^erence  Is 
more  conspicuous  than  In  any  other  fluid,  and  at  the  two 
extremes  is  very  great,  owing  in  a  great  measure  to  a  sin- 
gularity afterwards  to  be  pointed  out,  in  Its  change  of  vo- 
lume from  40°  to  S2°.  In  cooling,  one-eighth  part  of  the 
interval  between  the  boiling  and  the  freezing  points,  or 
22\  degrees  of  Fahrenheit's  scale,  the  condensation  will 
be,  as  ascertained  by  Count  Rumford,  as  follows  : — 


In  cooling  22|  from  212^  or  to  189^ 


1891 
167  . 
U4^ 
122  . 
99^  . 
77  . 
54|  . 


167 

122 

99i 
77 

32 


1 8  parts 
1G.2 
13.8 
11.5 

9.3 

7."1 

3.9 

0.2  * 


From  this  it  appears,  without  taking  into  account  the 
proportion  at  the  bottom  of  the  table,  where  the  irregu- 
larity alluded  to  exists,  that  the  expansion  of  water  in 
being  heated  221  degrees  to  its  boiling  point,  is  more 
than  five  times  greater  than  the  expansion  it  sulFers  in- 
being  heated  the  same  number  of  degrees  from  about  the 
Tiiedium  natural  temperature. 


*  Essaya,  vol.  ii,  p.  2S-4'. 
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In  alkohol  we  perceive  a  similar  progression  in  its  ex- 
pansibility, as  the  temperature  rises.  De  Luc  has  given 
the  following  table,  which  exhibits  this  by  a  comparison 
with  the  expansions  of  mercury,  in  the  mercurial  ther- 
mometer, according  to  Reaumur's  scale,  assuming  these, 
for  the  sake  of  a  standard,  to  be  regular  *  :  


Mercurial  Therm, 

i^  lkohol  Therm. 

Augmenting  expansions 
of  Alkohol,  in  this  range 
of  temperature. 

80 

80.0 

,  6.2 

75 

73.8 

6.0 

70 

67.8 

5.9 

65 

619 

5.7 

60 

56.2 

5.5 

55 

.50.7 

5.4 

50 

47.3 

5.1 

45 

40.2 

5.1 

40 

35.1 

4.8 

35 

30.3 

4.7 

30 

25.6 

4.6 

25 

21.0 

4.5 

20 

16.5 

4.3 

15 

12.2 

4.3 

10 

7.9 

4.0 

5 

3.9 

3.9 

The  deviations  from  regularity  in  the  expansions  of 
quicksilver,  appear  mucji  less  than  in  any  other  fluid,  as 
has  already  been  observed  in  pointing  out  its  fitness  for 
the  construction  of  the  thermometer.  This,  however,  as 
Mr  Dalton  has  remarked,  may  in  part  be  owing  to  the 
greater  distance  between!  its  freezing  and  boiling  points, 
and  to  a  comparatively  small  part  of  this  interval  being 
submitted  to  experiments.  Yet,  even  in  this  part,  the  in- 
creasing expansibility,  as  the  temperature  rises,  is  percep- 


*  Rccherchcs,  t.  i.  252. 
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tible,  as -is  evident  from  the  following  table,  given  by  De 
Luc,  according  to  Reaumur's  scale  *  : — 


Real  tempera- 
ture* 

Corresponding  points  of  Expansions  of  the  Merc, 
the  Merc,  in  the  Therm. 'at  the  respective  tempe- 
j  ratures. 

so 

80.0 

5.3 

75 

74.7 

5.3 

^  70 

69.4 

5.2 

65 

60 

59.0 

5.2 

55 

53.8 

5.1 

50 

48.7 

5.1 

45 

43.6 

5.0 

40 

38.6 

5.0 

35 

33.6 

4.9 

30 

28.7 

4.9 

25 

23.8 

4.9 

20 

18.9 

4.8 

15 

14.1 

4.8 

10 

5.3 

5 

4.6 

4.6 

1 

Other  fluids  shew  the  same  progressive  expansibility, 
as  their  temperature  rises.  Dividing  that  part  of  the 
thermometrical  scale  between  the  freezing  and  boiling  of 
water  into  two  equal  parts,  De  Luc  ascertained,  that  the 
expansion  of  the  following  fluids  in  the  higher  division, 
is  to  that  in  the  lower,  in  these  proportions  f  : 


In  the  first  division,  or  from  Ratios  of  the  expansSoui 
32o  to  the  real  mean,  between  in  the  higher  division  t» 
this  and  212°,  the  expansion  is    those  in  the  lower. 


Quicksilver, 

38.6 

15 

to  14.0 

Olive  and  linseed  oil. 

37.8 

15 

13.1; 

Chamomile  oil. 

37.8 

15 

13.0 

Water  saturated  with  salt. 

34.9 

15 

11.6 

Alkohol, 

33.7 

15 

10.9 

Water, 

19.2 

15, 

4.T 

*  Rccherches,  t.  i.  p.  301.  f  Ibid.  p.  311. 
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From  this  table  it  is  apparent,  that  the  rate  of  progres- 
sion in  the  expansibility  of  different  fluids  is  different,  and 
the  same  fact  is  more  minutely  shewn  in  the  follov/ing 
table-  of  their  expansions,  for  every  5  degrees  of  Reau- 
mur's scale  *  : 


Mrtcu- 

Oil  of 

Essen t.  oil 

Essent.  oil 

Strong  jWatersa- 
spirit  of  turat.with 

Comnnii 

olives. 

of  chamo- 

of  thy 

me. 

water. 

rniltf. 

iviue. 

jsea-sait. 

80 

80.0 

80.0 

80.0 

80.0 

80  0 

80.0 

o 

5.4 

5.8 

5  7 

6.2 

o.y 

9.0 

75 

74.6 

74.7 

74.3 

73.8 

74.1 

71.0 

o 

5.2 

5.2 

5.5 

6.0 

R  T 
O.  I 

9.0 

VO 

69.4 

69-5 

68.8 

67.8 

00.4" 

62.0 

r 

O 

5.0 

5.2 

5.3 

5.9 

o,  o 

8.5 

65 

64.4 

64.3 

63.5 

61.9 

62. 6 

53.5 

e 
O 

5  1 

5.2 

5.2 

5.7 

7.7 

60 

59.3 

59.1 

58.3 

56.2 

o7.1 

45.8 

r 
O 

1  1 

.5.2 

5.0 

5.5 

/;  /I 
5. 4' 

7.3 

55 

•)3  3 

50.7 

ol.  / 

38.5 

5 

•v. \i 

5.1 

5.4 

5.1 

6.5 

50 

48  8 

48  3 

45.3 

46.6 

32.0 

5 

o.  z 

4.  Q 

5  1 

5.4 

5.9 

45 

44.0 

43.6 

40.2 

41.2 

4.9 

26.1 

5 

4.8 

5.0 

5.0 

C  1 

o.o 

39.2 

38.6 

38.4 

35.1 

36.3 

20.5 

5 

5.0 

5.0 

4.9 

4.8 

5.0 

4.6 

35 

34.2 

33.6 

33.5 

30.3 

31.3 

15  9 

5 

4,9 

4.9 

4.9 

4.7 

4.8 

11.2 

4.7 

30 

29.3 

28.7 

28.6 

25.6 

26.5 

3.9 

5 

5.G 

4.9 

4.8 

4.6 

4.6 

25 

24.3 

23.8 

23.8 

21.0 

21.9 

7.3 

3.2 

5 

5.0 

4.9 

4.8 

4.5 

4.6 

4.1 

20 

19.3 

18.9 

19.0 

16.5 

17.3 

2.5 

5 

4.r 

4.8 

4.8 

4.3 

4.5 

1.6 

15 

14.4 

14.1 

14.2 

12.2 

12.8 

1.4 

5 

4.9 

4  8 

4.8 

4.3 

4.4 

0.2 

10 

9.5 

9.3 

9,4 

7.9 

8.4 

4.2 

0.6 

5 

4.8 

4.7 

4.7 

4.0 

4.7 

4.6 

4.7 

3.9 

4.2 

0.4 

0.4 

5 

5 

4.7 

46 

4.7 

3  9 

4.2 

*  Recherches>  t.  i.  271. 
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De  Luc  found,  that  near  to  the  boiling  point  of  fluids, 
■eir  expansibilities  increase  rapidly,  and  are  very  irregu- 
lar ;  we  find,  that  in  the  greater  number  of  fluids,  there 
are  also  considerable  irregularities  in  their  changes  of 
volume  at  their  freezing  point.  Hence  D£  Luc  conclu- 
ded, that  the  expansions  of  fluids  would  be  most  equable, 
or  would  correspond  most  strictly  with  the  increments 
of  their  temperature,  towards  the  middle  of  the  range  of 
temperature  between  their  freezing  and  boiling  points ; 
and  he  justly  inferred,  that  the  fluid  best  adapted,  in  point 
of  accuracy,  to  thermometrical  purposes,  is  that  which 
has  the  greatest  range  of  temperature  between  its  freez- 
ing and  boiling  temperatures,  which  gives  the  preference 
to  mercury.  I  have  already  mentioned,  that  Mr  Dalton 
lias  supposed  the  expansions  of  all  liquids  to  be  progres- 
sive, and  according  to  one  law— the  expansion  being  in 
each  as  the  square  of  the  temperature  from  the  point  of 
congelation,  or  of  greatest  density  *:  and  I  have  remarked 
that  this  would  require  to  be  confirmed  by  experiment.  ' 

Since  liquids  thus  expand  in  an  increasing  ratio  as  their 
temperature  rises,  we  should  perhaps  be  disposed  to  con- 
clude, that  a  similar  law  is  observed  in  the  expansions  of 
aeriform  fluids,  or  that  their  expansibilities  increase  as 
their  temperatures  rise  ;  and,  accordingly,  it  appeared  to 
be  established  by  some  experiments,  particularly  those  al- 
ready referred  to,  of  Guyton  and  Prieur.  While  atmos- 
pheric air,  in  being  heated  from  32°  to  77°,  expands  W.^^y 
its  expansion  from  receiving  another  equal  increment  of 
temperature,  or  in  being  raised  from  77°  to  122°,  is  not 
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174 


OF  CALORIC. 


les  than  ^.i.^,  and  from  122°  to  167°  In  the  oiher 

airs  there  were  similar,  and  in  several  of  them  greater 
differences.  Thus,  in  the  expansion  of  nitrogen  gas,  it 
amounted  to  ttt°^  volume,  for  each  degree  of  Reau- 
mur's scale  from  0  to  20°  of  that  scale  j  from  20°  to  40°  it 
amounted  to  ;  from  40°  to  60°,  i  and  from  60°  to 
80°,  more  than  Or  the  whole  rate  of  expansions  of 
the  different  airs,  according  to  these  experiments,  is  shewn 
in  the  following  table  ;  those  results  which  are  most 
doubtful,  being  placed  between  brackets  *. 


From  0° 
to  20° : 


Common  air  1 
dilates  to  T%67 


Oxygen 
gas 


1 


22.12 


Nitrogen 
gas 


1 


29.4-1 


From  20° 
to  40°. 


5  61 


From  40°  From  60" 
to  60°.  to  80°. 


2.49 


(3.57) 


4.92 


5.41 


Hydrogen 
gas 


11.91 


Nitrous  gas 


Carbonic 
acid  gas 


Ammoniacal 
gas 


1 


15.33 


6.92 


1 

9.00, 


1 


9.049 


1 


5.099 


3.58 


1.75 


1.53 


1.82 


(  6.85  ) 


r6'd 


2.31 


5  + 


57.2 


\58.82  / 


(  6.88  ) 


(  3.69  ) 


1  + 


1.35 


There  can  be  little  doubt,  however,  but  that  these  re- 
sults are  erroneous,  and  that  they  were  obtained  princi- 


*  Nicholson's  ournal ,  vol.  iii.  p.  257. 
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lly  from  water  being  present  in  the  apparatus,  which 
passing  into  vapour,  at  the  higher  temperatures,  would 
give  rise  to  the  apparent  greater  expansion.  General  Roy 
found,  in  his  experiments  on  the  expansions  of  aerial 
fluids,  that  the  expansion  is  the  reverse  of-that  of  liquids, 
or  is  a  slowly  decreasing  one  above  the  temperature  of 
1  57.    And  Mr  Dalton  found  this  likewise  in  his  experi- 
1  ments  ;  the  expansion  for  77^  degrees  above  35°  being 
:  167  parts,  while  for  the  next  77^  it  was  only  158  parts  : 
and  the  expansion  in  every  part  of  the  scale  seemed  to  be 
j  a  gradually  diminishing  one  in  ascending.  In  this  all  the 
i  aerial  fluids  which  he  submitted  to  trial  agreed  *. 

It  was  obvious,  however,  that  this  apparent  diminution 
i  of  expansion  as  the  temperature  rises  not  being  very  con- 
siderable, might  arise  from  the  inaccuracy  of  the  mercu- 
rial thermometer  ;  the  expansions  of  the  mercury  in  the 
higher  interval  of  temperatura,  at  which  the  experiments 
!  were  made,  being  greater  than  in  the  lower  interval ;  and 
the  expansion  in  the  former  of  15S,  being  therefore  true- 
ly  the  result  of  a  less  real  augmentation  of  temperature 
I  than  the  expansion  167  in  the  latter.  '  So  that  making 
allowance  for  this  source  of  error,  which  to  a  certain  ex- 
tent confessedly  exists,  the  expansions,  if  the  intervals  of 
;  temperature  were  really  equal,  might  be  equable.    If  in- 
1  deed  we  take  the  correction  of  De  Luc,  that  the  real 
1  mean  temperature  between  32°  and  212°  is  according  to 
I  the  common  scale  1 19,  the  expansion  is  precisely  equable. 

Mr  Dalton,  in  consequence  of  the  hypothesis  he  has 
I  since  adopted,  that  the  expansion  of  quicksilver,  in  com- 
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mon  witli  that  of  other  liquids,  is  as  the  square  of  the 
temperature  from  its  freezing  point,  and  that  therefore 
the  mercurial  thermometer  on  the  common  construction 
deviates  much  more  from  accuracy  than  formerly  could 
be  supposed,  has  been  led  to  the  conclusion,  not  only  that 
the  expansion  of  aerial  fluids  is  not  a  decreasing  one,  as 
appeared  to  be  established  by  his  experiments,  but  that, 
on  the  contrary,  it  is  progressive  j  the  expansion  being,  as 
he  has  inferred,  in  geometrical  progression  to  equal  incre- 
ments of  temperature  measured  by  the  new  thermometric 
scale  *.  This  conclusion,  however,  rests  entirely  on  the 
assumption  of  this  particular  law  of  the  expansion  of 
quicksilver,  on  which  this  scale  is  constructed,  which  can 
scarcely  be  considered  as  sufficiently  established ;  and  the 
medium  conclusion,  that  the  expansions  of  aerial  fluids 
are  neither  decreasing  nor  progressive  with  regard  to  tem- 
perature, but  equable,  is  that  perhaps  which  at  present 
can  be  considered  as  most  probable.  Mr  Dalton  has 
stated,  that  from  more  recent  experiments  than  those  be- 
fore mentioned,  he  is  convinced,  that  dry  air  of  32°  will 
expand  the  same  quantity  fronj  that  point  to  117°  or 
118°  of  the  common  scale  of  temperature,  as  from  the 
last  term  to  212°  f.  And  admitting  a  correction  for  the 
confessed  deviation  of  the  mercurial  thermometer  frorn 
perfect  accuracy,  not  much  greater  than  that  which  from 
De  Luc's  experiments  appears  to  be  the  just  correction, 
the  expansion  will  be  an  equable  one  with  regard  to  tem- 
perature. 

The  anomalous,  and  somewhat  complicated  facts  which 
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have  been  stated  with  regard  to  expansion  may,  I  believe, 
be  generalized,  or  the  principle  which  connects  and  ex- 
plains them  may  be  pointed  out.  Caloric  and  the  attrac- 
.  tion  of  cohesion  are  antagonist  forces,  the  operation  of 
either  always  opposing  resistance  to,  and  diminishing  the 
effect  resulting  from,  the  operation  of  the  other.  Expan- 
sion arises  from  the  excess  of  energy  in  the  repulsive 
power  over  the  force  of  cohesion,  and  from  considering 
it  under  this  point  of  view,  I  would  explain  in  the  foUow- 
i  ing  manner,  the  various  phenomena  connected  with  ex- 
pansion. 

Thus,  in  the  first  place,  it  has  appeared,  that  the  ex- 
pansibility of  solids  is  less  than  that  of  liquids,  and  the 

:  expansibility  of  liquids  less  than  that  of  airs.  Now,  in 
solids,  the  power  of  cohesion  is  greatest  the  most  effec- 
tual resistance,  therefore,  will  be  opposed  in  them  to  the 
operation  of  caloric,  and  hence  less  expansion  will  be  pro- 
duced by  its  introduction.  In  liquids  the  cohesion  is 
weaker,  the  expansion  therefore  will  be  proportionally 
greater.    And  in  airs,  as  the  cohesion  is  entirely  over- 

:  come,  no  resistance  is  opposed  to  the  expansive  force  of 

I  the  caloric,  and  an  enlargement  of  volume  limited  only  by 

i  the  pressure  applied  will  be  produced.  " 

In  different  solids,  the  expansibility  is  also  extremely 

;  different ;  and,  according  to  the  view  I  have  stated,  . >thi3 
may  be  supposed  to  arise  from  the  different  degrees  of 
force  with  which  cohesion  is  exerted.  We  have  no  accu- 
rate measure  of  this  fofceT  But  if  we  regard  the  diffe- 
rent fusibilities  of  bodies  as  affording  an  indication  of  it, 
we  find,  as  has  already  been  observed,  that  in  general  the 
expansibility  is  directly  as  the  fusibility. 
•  Vol.  I.  M 
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In  fluids  there  likewise  ekist  diflerences  in  the  expan- 
sions they  suffer  j  and  there  can  be  do  doubt,  that  though 
in  all  of  them  the  power  of  cohesion  is  weak,  it  may  still 
be  of  dilfierent  degrees*  If  we  judge  of  these  degrees 
from  the  volatility  o\  bodies  in  this  state,  the  disposition 
to  volatility  being  less  as  the  cohesion  is  stronj^er,  we 
find  also  under  the  general  point  of  view  under  which 
experiments  influenced  by  various  circumstances  must  be 
taken,  that  the  expansibility  of  liquids  is  in  a  great  mea- 
sure "as  their  volatility.  Hence  it  appears,  that  both  in 
solids  and  liquids,  the  expansions  produced  by  equal  in- 
crements of  temperature  are  less  as  the  cohesion  exerted 
between  their  particles  is  stronger. 

But  in  substances  existing  in  the  aeriform  state,  we 
find  no  difference  in  expansibility  as  among  solids  and 
liquids,  the  expansions  of  all  being  alike;  and  this  is  pre- 
cisely what  the  theory  leads  us  to  expect.  Cohesion  is 
not  exerted  among  tJietn  with  different  degrees  of  force  ; 
for  in  all  of  them  it  is  entirely  overcome.  No  various 
degrees  of  resistance,  therefore,  are  opposed  to  the  opera* 
tion  of  caloric  ;  and  hence  under  the  same  pressure,  the 
same  increase  of  temperature'  is  followed  in  all  aerial 
fluids  by  the  same  degree  of  expansion. 

The  last  general  fact  connected  with  expansion  is,  thai: 
in  bodies  in  one  state  it  proceeds  in  an  increasing  ratio 
with  reg.ird  to  temperature,  while  in  another  it  proceeds 
equably,  and  to  this  the  same  principle  may  be  successful- 
ly applied. 

In  liquids  the  expansibility  increases  as  the  tempera^ 
tui;e  rises ;  the  reason  is,  that  by  the  introduction  of  ca- 
loric operating  as  an  expansive  power,  and  causing  an  m- 
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■crease  of  temperature,  the  force  of  cohesion  is  diminish- 
ed in  proportion  as  the  temperature  rises,  therefore,  it 

becomes  weaker,  and  opposes  less  resistance  to  the  expan- 
sive energy  of  caloric,  ,  A  greater  expansion  must  there- 
fore be  occasioned  by  an  equal  quantity  of  caloric  at  a 
high  than  at  a  low  temperature,  because  the  force  which 
opposes  it  is  by  the  very  increase  of  temperature  diminish- 
ed. 

We  find  that  the  rate  at  which  this  expansibility  Varies, 
is  different  in  different  liquids,  and  even  to  this  minute 
fact  an  application  of  the  theory  may  be  made;  for  in  ex- 
amining these  differences,  we  find  that  the  more  expansi- 
ble a  fluid  is,  its  expansibility  by  increase  of  temperature 
increases  at  a  higher  ratio.  Thus  mercury,  which  suffers 
the  least  change  of  volume  from  any  given  increase  of 
temperature,  is  that,  the  expansibility  of  which  is  most 
equable,  or  increases  least  as  its  temperature  is  raised, 
•  In  aeriform  bodies,  on  the  contrary,  we  have  found  rea- 
fson  to  conclude,  that  the  expansion  is  uniform,  or  is  not 
toiore  from  a  given  quantity  of  caloric,  at  a  high  than  at  a 

A 

low  temperature.  The  cause  is  obvious  :  In  aerial  fluids 
no  cohesion  exists  to  be  weakened  by  augmentations  of 
temperature ;  the  resistance  to  the  operation  of  caloric  is 
just  the  same,  under  a  given  pressure,  at  a  low  as  at  a 
high  temperature,  or  at  both  is  nothing ;  tht  repulsive 
|)ower  of  caloric  ought  therefore  to  act  equally  according 
to  the  quantity  in  which  it  is  added  ;  hence  the  expansi- 
bility ought  not  to  be  more  at  a  high  than  at  a  low  tem- 
!  perature.  We  have  therefore  a  strict  coincidence  between 
the  conclusion  which  appears  most  strictly  to  follow 

M  2 
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from  experiment,  and  the  theoretical  deduction ;  and  th« 
one  supports  the  other. 

It  follows  as  a  consequence  of  this  theory,  that  in 
solids  the  expansibility  ought  to  increase  with  the  tem- 
perature. Cohesion  exists  in  them  opposing  tlie  ope- 
ration of  caloric ;  this  cohesion  is  weakened  as  the  tem- 
perature is  raised,  and  therefore  an  equal  quantity  of  ca- 
loric ought  to  produce  a  greater  expansion  at  a  high  than 
at  a  low  temperature.  At  the  same  time,  the  cohesion 
in  solids  compared  with  liquids  is  so  great,  that  the  same 
change  of  temperature  can  by  no  means  be  supposed  to 
produce  the  same  difference  In  expansibility  ;  and  hence 
the  ratio  of  increase  must  be  much  less.  Solids,  too, 
suffer  so  inconsiderable  an  expansion  from  even  a  consi- 
derable rise  of  temperature,  that  it  is  not  easy  to  ascer- 
tain the  fact  with  accuracy.  General  Roy,  in  his  expe- 
riments on  the  expansions  of  metals,  already  quoted  *  , 
observed,  that  they  appeared  to  be.  not  equable,  but  pro- 
gressive when  tried  at  the  temperatures  of  60*^,  120°  and 
180"  :  yet  he  seems  disposed  to  conclude,  that  when  the 
instruments  are.  perfect,  and  due  allowance  made  for  the 
dIfBculty  of  keeping  water  (the  medium  by  which  the 
heat  was  applied)  at  a  stationary  temperature  for  any 
length  of  time,  the  expansions  were  equable.  The  error, 
however,  from  this  cause,  might  have  been  as  well  on 
the  one  side  as  on  the  other.  De  Luc,  too,  found  the 
expansions  of  glass  to  be  progressive,  the  expansion  of  a 
glass  tube  from  32^  to  212^  being  OOOSS  in  length, 
while  from  32?  to  122°,  or  half  the  rise  of  temperatur 

*  Philosophical  Transactions,  vol.  Ixxy. 


EXPANSION.  181 

t)f  the  formeiv  it  was  only  00035.  And  there  is  no- 
thing peculiar  to  glass,  to  lead  to  the  belief,  that  this  in- 
creasing expansion  is  not  a  property  it  has  in  common 
with  all  solids. 

I  have  now  to  take  notice  of  some  exceptions  to  the 
law  that  bodies  are  expanded  by  caloric. 

The  most  general,  is  that  enlargement  of  volume  which 
several  substances  suffer  in  passing  from  the  fluid  to  the 
solid  form.    When  a  .fluid  has  its  temperature  reduced, 
it  contracts  with  more  or  less  regularity  until  it  reach  the 
I  point  at  which  it  becomes  solid.    The  reduction  of  its 
1  temperature  must  still  be  continued  to  produce  the  change 
1  of  form  ;  but  at  the  moment  that  it  congeals,  instead  of 
contracting,  it  in  different  instances  expands  with  consi- 
derable force.    This  is  remarkably  the  case  with  water  j 
its  expansion  in  freezing  is  capable  of  overcoming  a  great 
mechanical  resistance.    Boyle  found,  that  by  the  freezing 
of  a  small  portion  of  water,  a  weight  of  72  lbs.  was  raised. 
The  Florentine  Academicians  made  some  experiments,  in 
'.  which  a  brass  globe,  the  cavity  of  which  was  an  inch  in 
;  diameter,  was  burst  by  this  expansive  power,  though, 
calculating  from  the  tenacity  of  brass,  and  the  thickness 
of  the  sides  of  the  globe,  it  must  have  required  a  force 
exceeding  27,720  lbs.     Major  Williams  more  lately 
obtained  similar  results,  an  iron  plug  2-*- lb.  weight,  being 
■projected  from  a.  bomb-shell  to  the  distance,  in  one  expe- 
riment, of  415  feetj  wich  a  velocity  of  more  than  20  feet 
in  a  second,  and  in  another  experiment  the  shell  being 
burst  *. 
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From  this  expansion  of  water  in  freezing,  the  specilic 
gravity  of  ice  is  always  inferior  to  that  of  water,  as  is  evi- 
dent from  its  floating  on  the  surface  of  water. 

This  expansive  force,  exerted  in  the  act  of  freezing, 
has  been  ascribed  to  the  extrication  of  the  portion  of  air 
which  water  holds  in  solution,  and  which  freezing  disen- 
gages. Though  this  may  have  some  share  in  the  effect, 
it  is  far  from  being  the  sole  cause ;  for  it  is  found  that 
the  expansion  takes,  place  when  the  water  has  been  freed 
as  much  as  possible  from  this  air,  by  the  air-pump.  An 
experiment  of  this  kind  was  made  by  Boyle  f. 

Mairan  explained  it  on  the  supposition  of  a  polarity  in 
the  particles  of  the  water,  or  a  tendency  to  unite  by  cer- 
tain sides  in  preference  to  others ;  to  arrange  themselves 
in  a  certain  manner,  and  run  into  right  lines  at  determi- 
nate angles.  The  explanation  appears  to  be  just.  When 
the  freezing  of  water  is  examined  by  the  microscope,  this 
peculiarity  of  arrangement  can  be  observed,  the  lines 
shooting  out  from  each  other  at  an  angle  either  of  60°  or 
of  120".  A  similar  arrangement  is  conspicuous  in  a  new- 
ly fallen  flake  of  snow.  The  freezing  of  water,  there- 
fore, is  a  species  of  crystallization,  and,  in  consequence 
of  the  arrangement  it  produces,  vacuities  are  formed  in 
the  solid  mass,  and  its  volume,  compared  with  the  fluid, 
is  enlarged. 

The  same  phenomenon  is  perceived,  though  to  a  less 
extent,  in  some  other  substances.  Iron,  in  becoming  so- 
lid, expands,  and  hence  the  delicacy  of  the  impression  it 
receives  from  a  mould.    So  do  bismuth  and  antimonv 


*  Boyle's  Works,  vol.  ji.  p.  54^6. 
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and  perhaps  some  other  metals,  though  others,  as  quick- 
silver, conform  to  the  more  general  law,  and  suffer  con- 
traction. Sulphur,  according  to  Dr  Irvine's  observations, 
expands  in  congealing.  In  the  crystallization  of  saline 
solutions  by  exposure  to  cold,  expansion,  from  the  same 
cause,  frequently  takes  place;  not  always  however,  for 
both  nitric  and  sulphuric  acid  contract  considerably  in 
congealing,  though  their  congelation  is  a  species  of  cryr. 
gtallization. 

But  a  phenomenon  still  more  singular,  is  exhibited  by 
water.  It  expands,  not  only  in  the  moment  that  it  passes 
to  the  solid  form,  but  before  it  reaches  its  freezing  point. 
•i  Suppose  we  have  a  quantity  of  water  at  50^,  in  a  glass 
thermometer  tube,  in  reducing  its  temperature  it  suffers 
diminution  of  volume,  and  does  so  until  it  arrives  at  about 
40°  of  Fahrenheit's  scale,  but  at  that  point  the  contrac- 
tion ceases  ;  and  if  its  temperature  be  still  farther  redu- 
x:ed,  it  begins  to  expand,  and  continues  expanding  with 
an  increasing  ratio,  until  it  become  solid.  Or,  if  we  re.- 
Yerse  the  experiment,  and  communicate  caloric  to  water 
at  32°,  instead  of  expanding  it  contracts,  and  continues 
to  do  so  until  it  arrives  at  ^O"  of  Fahrenheit,  when  it  ap^ 
ppars  nearly  stationary.  At  'h^^  its  expansion  is  percep- 
tible, and  continnes  as  its  temperature  ascends. 

This  singular  phenomenon  seems  first  to  have  been  ob- 
served towards  the  close  of  the  17th  century,  by  the  Mem- 
bers of  the  Academy  del  Cimento.  It  was  some  years 
afterwards  announced  by  Dr  Croune  to  the  Royal  Society, 
Snd  even  then  itg  reality  was  disputed  by  Dr  Hpoke,  who 
ascribed  it  merely  to  the  contraction  of  the  vessel  in  whi^h 
experiment  was  made.    So  little  attention  was  after- 
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terwards  paid  to  the  observation,  that  it  seems  nearly  to 
have  been  forgotten,  until  again  mentioned  by  Mairan. 
De  Luc  was  the  first  who  investigated  it  with  any  preci- 
sion *.  He  fixed  the  point  at  which  the  expansion  com- 
mences, at  4>1°  of  Fahrenheit ;  and  he  supposed  the  ex- 
pansion from  that  point,  either  towards  a  higher  or  lower 
temperature,  to  be  the  same  ;  so  that  the  density  of  wa- 
ter at  50'='  aqd  at  32°  is  alike. 

It  was  observed  by  Sir  Charles  Blagden,  that  if,  by  a- 
voiding  agitation,  the  freezing  of  water  at  32°  be  pre- 
vented, and  it  is  cooled  to  21°  or  22°,  the  expansion  still 
continues  to  proceed,  and  in  an  increasing  ratio    or,  if 
its  freezing  point  be  reduced,  by  dissolving  certain  salts 
in  it,  the  expansion  begins  at  about  the  same  distance 
from  the  point  at  which  such  a  solution  does  freeze,  as 
that  which  pure  water  observes  \.    At  a  subsequent  pe- 
riod, he  endeavoured  to  determine  the  difference  of  den- 
sity in  water  at  these  temperatures  in  a  different  mode. 
He  weighed  distilled  water  at  40°,  in  a  bottle  filled  with 
it,  and  the  weight  of  the  water  he  found  to  amount  to 
2967.34  grains,  while,  when  filled  with  distilled  water 
at  35°,  the  water  weighed  only  2967.03:    At  the  same 
time  he  endeavoured,  by  calculation,  from  the  known  ex- 
pansibility of  glass,  to  make  the  due  allowance  for  the 
difference  in  the  volume  of  the  bottle  from  the  difference 
of  temperature ;  and  with  this  correction  he  states  the 
specific  gravity  of  water  at  35°  to  that  at  40°,  as  1.00087 

*  Recherches  sur  les  Modifications  de  I'Atmosphere,  torn.  i. 
p.  225,  &c.  . 
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to  1.00091,  that  at  60^  being  1.00000  *.  From  the  very 
different  expansibilities  of  glass,  however,  and  the  diffi- 
culty of  ascertaining  the  data  accurately,  mnch  confi- 
dence cannot  be  placed  in  this  calculation. 

Mr  Dalton  likewise  made  this  the  subject  of  experi- 
ment. He  fixed  the  maximum  of  density  at  4'2iO  of  Fah- 
renheit, by  the  mercurial  thermometer.    From  4 1  °  to  4.4.'° 
the  expansion  is  so  inconsiderable  as  to  be  barely  percep- 
tible ;  from  either  of  them  it  proceeds  in  an  increasing 
ratio,  and,  in  the  reduction  of  temperature  from  41 
when  the  fluid  has  arrived  at  32°,  the  expansion  it  has 
suffered  amounts  to  about  ^^th  part  of  the  whole  expan- 
sion from  42^"  to  212°.    Mr  Dalton  confirmed  the  ob- 
servation of  De  Luc,  that  the  expansion  for  any  number 
of  degrees,  either  above  or  below  the  point  at  which  it 
commences,  is  the  same ;  so  that,  taking  this  point  at 
42.5,  the  density  of  water  must  be  the  same  at  S2^  and 
■at  S'i"  ;  or,  supposing  the  stationary  point  to  be  40"^, 
yrater  at  32°  will  have  the  same  density  as  water  at  48°. 
He  confirmed  also  the  observation  of  Blagden,  that  the 
expansion  continues  to  proceed  below  32°  when  the- water 
is  cooled  beneath  that  without  freezing,  and  that  it  in- 
creases at  a  very  high  ratio.    He  succeeded  in  cooling  it 
80  far,  that  in  the  tube  in  which  he  made  the  experiment, 
the  water,  from  expansion,  had  risen  as  high  as  the  point 
to  which  it  would  have  been  raised  had  it  been  heated 
to  75**.    Its  real  temperature  must  then  have  been  10°. 
Qn  freezing,  it  darted  suddenly  up  to  128°  f. 


*  Philosophical  Transactions,  vol.  Ixxx.  p.  333. 
f  Manchester  Memoirs,  vol.  v.  p.  374. 
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Mr  Dalton,  in  consequence  of  later  investigations, 
changed  his  opinion  on  this  subject,  and  considered  this 
anomaly  exhibited  by  water  as  apparent,  not  real,  ex- 
plaining it  in  the  same  manner  as  Hooke  did,  from  the 
contraction  of  the  vessel  in  which  the  experiment  is  made. 
The  usual  mode  of  making  the  experiment,  is,  to  put  a 
quantity  of  w^ater  into  a  ball  with  a  cylindrical  stem,  of 
narrow  bore,  similar  to  a  thermometer,  and  to  cool  it, 
the  expansion  of  the  water,  in  cooling,  being  mea»ured 
by  its  ascent  in  the  tube.  It  is  evident,  that  in  this  ex- 
periment the  glass-ball  being  cooled,  must  contract,  and 
must  contribute  in  part  at  least  to  the  rise  of  the  fluid. 

It  must  occur  as  an  objection  to  the  opinion,  that  did 
the  apparent  expansion  of  the  water  arise  entirely  from  the 
contraction  of  the  glass-ball,  the  same  phenomenon  ought 
to  be  exhibited  by  other  fluids  ;  and  the  question  might 
also  be  put,  why  should  it  appear  only  at  the  part  of  the 
thermometrical  scale  at  which  it  does  ?  Both  these  objec- 
tions, however,  may  be  answered.  The  reason  why  the 
apparent  expansion  is  exhibited  only  by  water,  may  be 
said  to  be  that  it  is  the  fluid  in  which  the  changes  of  vo- 
lume at  that  temperature  are  least  considerable.  Its  con- 
tractions from  diminution  of  temperature  are  so  small,  as 
to  be  inferior  even  to  the  contractions  of  glass ;  hence 
apparent  expansion  ;  while,  in  other  fluids,  the  contrac- 
tions being  more  considerable,  they  are  not  exceeded,  or 
even  equalled  by  tho^e  of  the  instrument,  and,  though  no 
doubt  lessened  by  that  cause,  are  still  apparent.  The 
reason  why  the  apparent  expansion  of  water  takes  place 
only  as  it  approaches  its  freezing  point,  is,  that  its  expan- 
sibility is  in  an  increasing  ratio  with  regard  to  temper-t 
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jrture.  The  farther  it  is  cooled  the  less  considerable  are 
its  contractions  from  given  decrements  of  temperature; 
and  continuing  thus  to  diminish,  they  are  at  length  infe- 
rior to  the  contractions  of  the  glass,  and  from  the  point 
at  which  this  happens,  the  apparent  expansion  must  be- 
gin. 

Thus  is  explained  this  singular  appearance.  Water, 
in  the  reduction  of  its  temperature  to  the  point  at  which 
it  becomes  solid,  conforms  to  the  general  law,  and  suffers 
contraction  ;  but  this  contraction  becoming  less  as  it  ap- 
proaches to  its  freezing  point,  is  at  length  exceeded  by 
the  contraction  of  the  vessel,  and  then  apparent  expan- 
sion of  the  fluid  must  take  place. 

.   So  far  the  opinion  is  not  improbable ;  and  the  experi- 
ments by  which  Mr  Dalton  endeavoured  to  establish  it, 
appeared  not  inconclusive.    It  is  obvious,  that  if  the  ex- 
planation which  refers  the  rise  of  the  fluid  in  the  tube,  to 
the  contraction  of  the  vessel,  be  just,  that  rise  must  be 
I  different  in  its  extent,  and  in  the  point  at  which  it  com- 
t  mences  in  vessels  constructed  of  different  kinds  of  mate- 
;  rials  ;  for  the  expansion  of  any  substance  is  peculiar  to 
itself,  and  diflerent  from  every  other  ;  that  of  glass  is  not 
the  same  as  that  of  any  metal ;  their  contractions  from 
cold  must  therefore  be  different,  and  their  effect  of 
course,  in  pressing  on  a  contained  fluid,  must  be  unequal. 

Proceeding  on  this  idea,  Mr  Dalton  repeated  the  expe- 
riments in  vessels  of  earthen-ware,  and  of  different  me- 
I  tallic  substances,  and  compared  the  results  with  the  expe- 
riment made  in  glass.    In  all  they  varied,  or  the  point  of 
I  maximum  density,  instead  of  being  uniform,  or  nearly  so, 
i  was  different  in  each.    The  following  table,  with  some 
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trivial  corrections  which  Mr  Dalton  has  since  made, 
shews  the  differences : 


Brown  earthen-ware, 

White  earthen-ware. 

Stone  ware, 

Flint  glass. 

Iron,  thin  plate, 

Copper, 

Brass, 

Pewter, 

Zinc, 

Lead, 


w  acer 
lowest; 

Water  the  same 
height. 

at-  QSO 
dl  Jo 

alia  'kt 

32 

and  484- 

40 

32 

and  48+ 

4.2 

32 

and  52{ 

4-2+ 

32 

and  53 

45  + 

32 

and  59 

45i 

32 

and  60 

46 

32 

and  60^ 

48 

32 

and  64^- 

.  49 

32 

and  67  * 

It  is  no  doubt  true,  that  the  containing  vessel  must  al- 
ways influence  the  result  in  experiments  of  this  nature, 
or  the  observed  expansion  cannot  be  the  real  expansion  ; 
and  the  point  of  greatest  density,  or  that  at  which  the 
expansion  commences,  must  be  always  somewhat  lower 
than  it  appears.  Suppose  the  water  to  be  possessed  of 
this  anomalous  property,  when  cooled  in  a  ball  of  any 
kind  of  matter,  to  which  a  cylindrical  stem  is  attached, 
it  will  ascend  in  the  stem  from  its  expansion  j  but  this 
ascent  will  be  rendered  greater,  and  may  even  commence 
sooner,  from  the  contraction  which  the  ball  suffers  at 
the  same  time ;  and  hence  the  observed  expansion  musB 
in'  part  arise  from  the  one  cause,  in  part  from  the  other. 


*  New  System  of  Chemical  I'liilosopliy,  p.  31. 


.and  will  be  greatest  in  a  ball  made  of  a  substance  which 
expands  much  from  a  change  of  temperature,  and  vice 
'versd,  will  be  least  in  one  which  sufrers  little  expansion. 
The  influence  of  this  is  easily  traced  in  the  preceding  ex- 
periments. Lead  is  the  metal  which  suffers  the  greatest 
■expansion,  as  appears  from  the  table  of  EUicot  already 
given  •,  hence,  in  a  ball  made  of  lead,  the  point  of  great- 
est density  is  raised  highest  in  the  thermometrieal  scale, 
or  appears  at  49°.  Brown  earthen-ware,  on  the  con- 
trary, it  appears  from  Mr  Dalton's  own  experiments,  is 
very  much  inferior  in  expansibility  to  the  metals,  as  was 
shewn  by  plunging  a  thermometer  in  warm  water,  when, 
from  the  expansion  of  the  ball,  the  liquor  in  the  stem  in- 
stantly sunk  for  a  moment ;  but  in  the  instrument  of 
earthen-ware,  this  was  only  0.2,  while  in  lead  it  was  1.5. 
Still  from  these  facts  the  conclusion  cannot  be  drawn, 
that  the  contraction  of  the  vessel  is  the  sole  cause  of  the 
ascent  of  the  fluid.  On  the  contrary,  as  the  expansi- 
bility of  earthen-vs^are  is  so  inconsiderable,  it  may  be  in- 
ferred, that  in  the  reduction  of  its  temperature,  from  40° 
to  32°,  the  contraction  is  so  small,  as  to  contribute  very 
little  to  the  apparent  expansion  of  the  water  in  the  pre- 
.ceding  experiments  ;  and  that  these  prove,  therefore, 
without  searching  for  any  other  fallacy,  nothing  more, 
than  that  the  point  of  greatest  density  is  lower  than  had 
been  supposed.  Another  source  of  fallacy  may  perhaps 
exist  in  the  porosity  of  the  earthen-ware. 

The  question  as  to  the  existence  of  this  anomaly  in 
water,  has  since,  however,  been  made  the  subject  of  in- 
vestigation by  Dr  Hope,  and  its  reality  fully  demonstrat- 
ed by  experiments  conducted  in  a  manner  altogether  dif- 
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ferent  from  the  preceding,  and  free  from  the  objections 
to  which  they  are  liable. 

It  occurred  to  Dr  Hope,  that  if  water  does  expand  in 
the  reduction  of  its  temperature  from  40**,  the  expansion 
may  be  discovered  by  the  change  of  place  which  will 
happen  in  a  column  of  water,  while  cooling  from  40°  to 
32«,  or  heating  from  32°  t;o  40®,  as  the  water  towards 
32^,  would  necessarily  rise  in  either  case  towards  the 
surface. 

A  cylindrical  glass  jar,  therefore,  8\  inches  deep,  and 
44  inches  in  diameter,  was  filled  with  water  at  32**,  a 
thermometer  being  suspended  in  it,  nearly  in  the  axis,  so 
as  to  have  its  bulb  distant  about  half  an  inch  from  the 
bottom  ;  and  another  thermometer  being  placed,  at  the 
same  distance  from  the  surface  of  the  fluid.    The  jar  be- 
ing exposed  to  the  air  of  a  room,  at  the  temperature  of 
60",  caloric  would  be  communicated  to  the  water.  Did 
the  water  expand  from  this  communication,  it  is  obvious, 
that  it  must  rise  towards  the  surface,  and  that  while  any 
inequality  of  temperature  existed  in  the  mass,  the  thermo- 
meter there  must  indlcatfe  a  higher  temperature  than  the 
thermometer  near  to  the  bottom  j  while  if  it  contract 
from  the  addition  of  caloric,  the  reverse  of  this  must  hap- 
pen.   The  result  of  the  experiment  was,  that  in  the  pro- 
gression of  temperature  up  to  38°,  the  thermometer  at 
the  bottom  was  always  one  degree  at  least  higher  than 
that  at  the  surface,  a  sufficient  proof  that  the  water,  as 
its  temperature  rose  from  32°,  had  become  more  dense. 

By  cooling  water  to  32^*,  a  similar  result  was  obtain- 
ed ;  the  thermometer  at  the  bottom  still  remaining  high- 
er than  that  at  the  surface.    And  this  experiment  was 
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conducted,  so  as  to  shew  clearly  the  accuracy  of  the  me- 
thod ;  for  when  the  water  was  taken  of  the  temperature 
of  53'',  in  cooling  to  40*=>,  the  colder  water  is  found  at 
the  bottom  •,  the  difference  between  its  temperature,  and 
the  temperature  of  that  at  the  surface,  amounting  even  to 
7  or  8  degrees.  When  the  fluid  at  the  bottom  has  at- 
tained 4-0^,  it  remains  at  that  until  the  whole  reaches  that 
point ;  and  then  the  progress  of  the  cooling  begins  to  be 
reversed,  or  the  colder  fluid  now  is  found  at  the  surface^ 
while  that  at  the  bottom  is  4  degrees  warmer. 

These  experiments^were  varied,  by  communicating  or 
abstracting  caloric,  not  to  or  from  the  entire  mass  of  fluid, 
but  at  the  surface,  the  middle,  or  the  bottom  of  the  ves- 
sel. The  results  were  thus  rendered  still  more  striking 
and  conclusive.  Above  40°,  the  warmer  part  of  the  fluid 
always  is  at  the  top  of  the  vessel,  while  the  colder  is  found 
at  the  bottom.  Below  40°  this  arrangement  is  reversed, 
the  warmer  part  appears  to  be  of  greater  density,  and 
descends  ;  the  colder,  being  more  expanded,  is  elevated  to 
the  surface,  where  it  remains.  In  communicating  heat 
or  cold  to  the  middle  of  the  jar,  the  determination  of  these 
currents  is  well  displayed.  The  whole  experiments  esta- 
blish the  conclusion,  that  the  point  of  greatest  density  in 
water  is  not  at  its  freezing  point,  but  a  considerable  num- 
ber of  degrees  above  it ;  and  that  as  it  approaches  to  that 
point,  it  suffers  expansion  *. 

Mr  Dalton  has  indeed  since  admitted,  that  the  point  at 
which  water  is  of  the  greatest  density  is  not  at  32^,  but 
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OF  CALORIC. 


is  some  degrees  above  it,  or,  as  he  supposes,  about  36'^  ; 
and  he  has  employed  a  good  deal  of  reasoning  to  shew, 
that  from  Dr  Hope's  experiments  it  cannot  be  inferred  to 
be  higher  than  this  *.  Whatever  may  be  the  exact  point 
at  vi^hich  the  expansion  commences,  the  important  result 
is  at  least  established,  that  the  anomaly  with  regard  to 
water  exists  ;  and  it  must  be  di£5cult  to  ascertain  it  with 
perfect  precision,  for  the  expansion  being  an  increasing 
one,  wherever  it  commences,  it  must  in  the  first  stages  be 
extremely  inconsiderable.    It  is  probably  near  38°. 

Considering  the  fact  as  established,  that  water  expands 
in  the  reduction  of  its  temperature,  for  some  degrees  be- 
fore it  passes  into  the  solid  state,  we  must  be  disposed  to 
inquire  if  any  cause  can  be  assigned  for  this  anomaly. 
The  explanation  stated  by  Sir  Charles  Blagden,'  has  been 
generally  acquiesced  in.  It  seemed  not  improbable,  that 
that  peculiar  exertion  of  the  attraction  of  cohesion,  which 
gives  rise  to  the  arrangement  of  the  particles,  so  as  to 
unite  them  in  symmetrical  forms,  may  commence  some 
degrees  before  the  point  at  which  it  becomes  sufficiently 
efficacious  over  the  repulsive  power  of  caloric  to  produce 
solidity.  This  arrangement  may  produce  enlargement  of 
volume,  which  shall  exceed  even  the  contractions  that 
would  result  from  the  abstraction  of  caloric. 

It  might  be  supposed,  that  were  this  explanation  just, 
the  water  should  sulFer  some  diminution  of  its  fluidity,  or 
some  increase  of  tenacity,  which,  from  an  experiment  Dr 
Hope  made  with  the  gravimeter,  he  infers,  does  not  hap- 
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ien.  The  e^tperiment,  however,  as  Dr  Hope  himself  has 
remarked,  is  liable  to  some  fallacy,  from  the  operation  of 
temperature  on  the  instrument,  the  exact  amount  of 
which  it  is  not  very  easy  to  estimate.  Since  cohesion  ex- 
ists in  fluids,  it  seems  scarcely  to  be  doubted,  but  that  its 
force  will  be  diminished  by  increase  of  temperature; 
and  the  conjecture  that  it  is,  appears  to  be  established  by 
an  observation  made  by  Mr  Leslie,  that  from  this  cause 
water  drops  from  a  small  tube  with  six  times  more  velo- 
city when  it  is  near  its  boiling  point  than  when  it  is  on 
the  verge  of  congellation  *.  It  may  be  said,  that  here 
also  there  is  a  source  of  fallacy,  the  extent  of  which  at 
least  it  would  be  necessary  to  ascertain,  before  any  strict 
conclusion  can  be  drawn,  in  the  difference  in  the  diameter 
of  the  aperture,  at  the  different  temperatures  at  which  the 
experiment  was  made.  At  212°  this  must,  from  the  ex- 
pansion, be  greater  than  at  a  low  temperature  ;  and  hence 
the  water  must,  at  the  former  temperature,  drop  more 
quickly.  There  is  reason  to  believe,  however,  from  the 
known  expansibility  of  glass,  that  this  is  not  suflicient  to 
account  for  the  difference;  and  the  general  deduction 
from  theory  may  perhaps  be  regarded  as  sulliciently  pro- 
bable, that  the  cohesion  of  fluids  must  vary  with  temper- 
ature, though  the  extent  of  the  variations  cannot  well  be 
determined. 

There  appears  sufficient  reason  to  believe,"  that,  in  other 
fluids,  which  expand  in  the  act  of  congealing,  this  expan- 
sion takes  place,  as  it  does  in  water,  through  a  certain 
range  of  temperature  above;  the  point  of  congelation. 


*  Philosophical  Magazine,  vol.  xiv.  p.  204-. 
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Some  observations  made  by  Mr  Mushet  seem,  in  particu- 
lar, to^shew  that  this  is  the  case  with  iron.  If  on  picct^ 
of  iron,  melted  iron  be  poured,  they  will  immediately  float, 
and  expose  a  considerable  portion  of  their  bulk  above  the 
surface  of  the  liquid  iron,  a  sulficient  proof  of  the  greater 
density  of  iron  in  its  fluid  than  in  its  solid  state.  But 
this  buoyancy  diminishes  ;  and  as  the  pieces  of  metal  ap- 
proach more  and  more  to  the  state  of  fusion,  they  gra- 
dually sink,  till  they  disappear  entirely  under  the  sur- 
face *  J  from  which  it  may  be  inferred,  that,  in  propor- 
tion as  the  temperature  of  the  fluid  iron  is  reduced,  its 
density  is  diminished. 

I  have  to  state  still  one  other  exception  to  the  law  of 
expansion  from  caloric, — that  observed  in  the  difl^erent  na- 
tural clays  and  the  pure  earth,  argil,  which  predominates 
in  their  composition.  These,  instead  of  expanding  by 
increase  of  temperature,  diminish  in  volume.  It  is  on 
this  property  of  clay,  as  I  have  already  stated,  that  Mr 
Wedgwood  constructed  his  pyrometer ;  and  he  has  as- 
certained the  principal  facts  that  have  been  observed  with 
regard  to  it. 

The  contraction  Is  not  considerable  and  is  irregular  at 
temperatures  below  ignition,  and  seems  to  proceed  prin- 
cipally from  dissipation  of  moisture,  and  expulsion  of 
aerial  matter.  At  the  approach  to  ignition,  a  slight  de- 
gree of  enlargement  of  volume  is  even  observed,  and  is 
accompanied  with  an  extrication  of  air ;  but,  at  a  full  red 
heat,  contraction  again  takes  place,  and  from  this  point 
proceeds  as  the  temperature  is  raised,  until  the  heat  is 
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sufficiently  intense  to  produce  complete  vitrification ;  when 
that  change  takes  place,  which  happens  at  diiFerent  de- 
grees of  heat  in  different  varieties  of  clay,  the  property  is 
lost.  Through  this  stage  the  clay  still  remains  porous, 
and  is  bibulous,  but  at  the  same  time  acquires  great  hard- 
ness. The  whole  contraction  it  suffers  is  equal  to  one- 
fourth  of  its  volume.  When  it  begins  to  vitrify,  it  again 
expands,  and  by  urging  the  heat,  it  is  converted  into  a 
slag,  and  is  contracted  into  less  volume  than  the  clay  oc- 
eupied  in  any  of  its  preceding  states^ 

It  is  difficult  to  assign  the  cause  of  this  anomalous  pro- 
perty in  these  substances.  As  the  contraction  is  perma- 
nent, or  remains  when  the  clay  has  become  cold,  it  might 
be  supposed  to  depend  on  some  change  of  composition. 
It  has  been  supposed  to  be  owing  to  the  expulsion  o£ 
some  volatile  matter,  particularly  of  water,  which  clays 
Imbibe  with  avidity,  and  retain  with  force,  and  which  may 
be  gradually  expelled,  as  the  heat  rises  in  intensity.  But 
this  supposition  seems  to  be  refuted,  by  the  fact  ascertain- 
ed by  Mr  Wedgwood,  that  his  pyrometrical  pieces,  at 
very  high  temperatures,  sustained  no  diminution  of  weight, 
though  they  continued  to  contract.  At  a  low  red  heat, 
it  has  been  already  stated,  a  disengagement  of  aerial  mat- 
ter, apparently  a  mixture  of  common  air  and  carbonic 
acid,  takes  place  from  that  to  a  strong  red  heat  there  is 
a  loss  of  weight,  amounting  to  about  2  parts  in  the  100. 
But  past  this  there  is  no  further  loss.  This  has  been  as- 
certained also  by  Saussure.  ;The  pyrometrical  pieces  he 
employed  lost  2\  grains  by  heating  to  the  29th  degree  of 
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the  scale ;  but  beyond  that,  to  the  l70th,  they  lost  no 
weight,  though  diminished  one-fourth  in  volume  *. 

Perhaps  it  may  be  ascribed  to  the  exertion  of  the  at- 
traction of  cohesion  being  favoured  by  the  operation  of 
caloric,  so  as  to  give  rise  to  a  closer  aggregation.  The  clay 
may  b«  conceived  of,  as  consisting  of  small  masses,  im- 
perfectly united,  and  having  between  them  many  intersti- 
ces ;  by  the  high  temperature,  the  more  perfect  union  of 
their  particles  may  be  favoured,  from  which  diminution 
of  volume  may  arise.  What  adds  to  the  probability  of 
some  explanation  of  this  kind  is,  that  the  clay  acquires  a 
degree  of  hardness,  according  to  the  heat  to  which  it  has 
been  exposed  ;  and  that,  at  length,  it  is  with  difficulty 
acted  on  by  substances,  in  which,  in  its  natural  state,  it  i« 
easily  soluble.  Sir  James  Hall,  in  his  experiments  on 
heat  modified  by  compression,  observed,  that  chalk  suffers 
changes  somewhat  analogous  to  these.  When  a  solid 
piece  of  chalk  which  had  been  previously  measured  in  the 
gage  of  Wedgwood's  pyrometer,  was  submitted  to  heat, 
under  compression,  its  contraction  was  three  times  great- 
er than  that  of  the  pyrometer  pieces  in  the  same  temper- 
ature J  it  lost  almost  entirely  its  power  of  imbibing  wa- 
ter,  and  acquired  additional  specific  gravity,  proving  the 
approach  of  the  particles  during  their  consolidation  f. 

With  the  exceptions  which  have  now  been  stated,  all 
bodies  which  have  not  their  composition  or  texture  per- 
manently changed  by  caloric,  sufFer  expansion  from  its  in- 
troduction, and  contract  again  when  it  is  withdrawn. 


*  Philosophical  Magazine,  vol.  x.  p.  155. 
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The  second  general  effect  produced  on  bodies  by  the 
entrance  of  caloric,  is  Fluidity,  or  their  conversion  to  the 
liquid  state. 

It  has  been  shewn,  that  when  caloric  is  introduced  in- 
!  to  a  body,  the  volume  is  augmented,  or  the  particles  are 
;  separated  to  greater  distances  from  each  other.  This 
augmentation  of  volume  continues  to  go  on  in  propor- 
]  tion  to  the  increase  of  temperature,  until  the  particles  are 
I  separated  to  such  distances  as  to  be  easily  moveable  in 
■every  direction.    This  constitutes  the  fluid  form.    By  a 
j  reduction  of  temperature,  the  particles  again  approach, 
I  when,  within  certain  distances  from  each  other,  they 
coalesce,  and  the  fluid  is  brought  back  to  the  solid  state. 

These  different  changes  of  form  depend  on  the  relative 
action  of  caloric,  and  of  the  force  of  cohesion.  By  the 
mutual  attraction  which  subsists  between  the  particles  of 
bodies,  they  are  made  to  approach,  and  are  united/  so  as 
to  form  solid  masses.  Were  this  power  only  exerted,  all 
bodies  would  appear  under  this  form,  their  particles 
would  be  in  actual  contact,  and  every  mass  would  be  e- 
qually  dense  and  hard.  But  its  force  is  counteracted  by 
the  repulsive  agency  of  caloric,  by  which  the  particles 
are  separated  to  distances  at  which  the  attraction  ceases 
to  operate  with  much  force.  When  the  one  force  pre- 
dominates, the  body  appears  in  the  solid  state  ;  when  the 
other  prevails,  it  passes  into  the  fluid  form. 

Yet  fluidity  is  not  to  be  regarded  as  consisting  merely 
in  the  weak  cohesion  existing  among  the  particles,  in 
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consequence  of  th6  distance  at  which  they  are  placed  b' 
the  action  of  caloric,  but  also  on  a  new  arrangement  ac 
companying  this,  or  produced  by  it,  into  which  the  par 
tides  enter.  Cohesion  still  exists  in  the  fluid,  and  it  is 
not  even  easy  to  determine  to  what  extent  •,  and  that  a 
change  in  the  position  of  the  particles  of  the  body,  so 
that  they  assume  one  which  is  determinate,  takes  place, 
is  proved  by  the  facts  which  have  been  stated  with  re- 
gard to  the  contraction  some  substances  experience  in 
becoming  fluid, — facts  inconsistent  with  the  supposition,' 
that  fluidity  depends  merely  on  a  weaker  cohesion  be- 
-tween  the  particles,  from  the  greater  distances  at  which 
they  are  placed.  The  view  which  has  been  given  of  this' 
subject  by  Professor  Robison,  appears  to  be  just  *.  He 
remarked,  that  to  explain  the  mobility  of  a  fluid,  or  the 
facility  with  which  its  parts  are  separated,  it  is  necessary  to 
suppose  only  that  the  action  of  its  particles,  whatever  it 
may  be,  is  equal  in  every  direction,  at  the  same  distance;  as 
if  there  exist  this  equality,  it  can  require  no  force  to  move 
an  adjacent  particle  from  one  situation  to  another,  nor 
any  force  to  keep  the  particle  in  its  new  situation  with 
regard  to  the  rest  of  the  fluid.  And  still  the  attraction 
exerted  between  the  particles,  provided  it  be  equal,  may 
be  strong.  On  the  other  hand,  in  a  solid,  the  particles 
mus^  attract  more  strongly  in  one  direction  than  in  ano- 
ther ;  hence  a  particular  situation  of  each  particle  must 
be  assumed,  and  a  force,  more  or  less  great,  will  be  re- 
quisite to  change  its  position.  It  follows,  therefore,  from 
this  view,  and  from  the  preceding  facts,  that  fluidity  a- 
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ses  not  merely  from  the  weakness  of  cohesion  between 
'the  particles,  but  also  from  the  change  in  the  mode  in 
which  they  attract  each  other.    But  this,  at  the  same 

.  time,  no  doubt  arises  from  the  expansive  energy  of  ca- 
loric, which,  in  separating  the  particles  to  certain  distan- 

1  ces,  gives  rise  to  this  modification  in  their  mutual  action ; 
whence  they  assume  different  positions,  and  attract  with 
a  different  but  equal  force. 

From  this  view  of  fluidity,  as  depending  on  the  action 
o^  caloric  increasing  the  distance,  and  ultimately  changr 

j  ing  the  direction  in  which  attraction  is  exerted,  it  follows, 

I  that  it  is  to  be  regarded  as  not  essential  to  any  species  of 
matter,  but  as  depending  on  the  presence  of  caloric. 
The  solid  state  is  the  natural  state  of  every  body  and 
there  can  be  no  doubt  but  that  every  fluid  is  capable  of 
being  rendered  solid  by  the  necessary  reduction  of  tem- 

,  perature.  Every  known  liquid,  with  the  exception  of  al-i 
kohol,  has  indeed  been  already  reduced  to  the  solid  state  j 
and  the  difference  in  the  degrees  at  which  different  bodies 
suffer  this  change  of  form,  depends  entirely  on  the  re- 
lative force  of  cohesion,  by  which  their  particles  are 
held  together.  Where  that  force  is  weak,  the  fusion 
may  take  place  at  a  very  low  temperature  and  such  a 
body  will  always  be  met  with  in  the  fluid  form,  unless  in 
extreme  colds.  Ice  melts  at  32^  of  Fahrenheit's  scale; 
and  therefore,  at  all  temperatures  superior  to  this,  it  ex- 
ists in  the  state  of  water ;  mercury  is  always  fluid  at  any 
temperature  higher  than  40"^  below  0  of  Fahrenheit :  but 
beneath  these  points  they  become  solid  ;  nor  can  any  of 
them  be  cpnsidered  as  more  naturally  fluid  than  another. 
There  is  also  no  solid  but  what  may  be  rendered  fluid 
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by  the  due  increase  of  temperature,  though  some  demand 
a  very  great  rise  compared  with  others.  Tin,  the  most 
fusible  of  the  metals,  melts  at  442''  of  Fahrenheit,  while 
platina  cannot  be  melted  in  the  strongest  heat  a  furnace 
can  raise.  Silver  melts  at  1000°,  gold  at  130P,  and 
iron  at  3000°.  The  substances  most  difficult  of  fusion 
are  the  pure  earths ;  but  when  mixed  together  these  melt 
readily  j  and  even  separately  the  greater  number  of  them 
have  been  fused  by  the  intense  heats  which  the  researches 
of  modern  chemistry  have  enabled  us  to  exqite. 

In  common  language,  those  bodies  which  are  fluid  at 
the  medium  temperature  of  the  globe,  are  said  to  be 
frozen  or  congealed  when  they  are  brought  to  the  solid 
state  i  and  those,  again,  which  are  solid  at  that  tempera- 
ture, when  they  are  rendered  fluid  by  an  addition  of  calo- 
ric, are  said  to  be  melted  or  fused.  The  changes  of 
form,  however,  are  precisely  the  same  ;  and  water  is  as 
much  to  be  considered  as  melted  ice,  as  lead  or  iron 
when  it  is  in  the  fluid  state,  is  the  melted  metal.  In  a 
general  table  of  the  scale  of  temperature,  to  be  given  at 
the  end  of  the  history  of  caloric,  will  be  found  the  tem- 
peratures at  which  a  number  of  bodies  sufl^er  this  change 
of  form  j  or  the  melting  points  of  those  found  usually 
solid,  and  the  freezing  points  of  those  which  usually  ex- 
ist as  fluids. 

To  guard  against  mistake,  it  may  be  observed,  that 
there  are  many  substances  which  we  cannot  melt ;  such 
are  the  greater  part  of  those  belonging  to  the  animal  or 
vegetable  kingdom.  A  piece  of  wood,  for  instance,  can- 
not be  brought  into  a  fluid  state  by  any  application  of 
heat.    But  the  reason  of  this  is,  that  such  bodies  suffer  a 
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Chemical  decomposition  at  a  temperature  lower  than  that 
which  would  be  necessary  to  fuse  them.  They  are  com- 
pounds ;  and,  by  the  agency  of  caloric,  the  balance  of  at- 
traction between  their  component  principles  is  broken,  and 
they  pass  into  new  combinations.  It  is  thus  that  a  piece, 
of  wood,  instead  of  being  fused  by  heat,  is  converted  in- 
to water,  an  acid  liquor,  and  several  other  new  products. 
But  such  cases  furnish  no  just  exceptions  to  the  univer- 
salitv  of  this  effect  of  caloric. 

Of  the  fusion  of  substances  which,  from  the  decompo- 
altion  they  suffered  when  heated,  appeared  infusible,  we 
have  a  striking  example  in  the  late  experiments  of  Sir 
James  Hall.  By  the  application  of  a  strong  pressure,  so 
as  to  prevent  the  decomposition  arising  from  the  separa- 
tion, by  heat,  of  aerial  or  volatile  ingredients,  he  succeed- 
ed in  fusing  marble,  limestone,  or  chalk,  and  likewise 
coal,  which,  by  exposure  to  heat,  without  this  manage- 
ment, could  not  be  melted.  ' 

These  experiments,  too,  so  far  establish  the  general 
and  important  principle  with  regard  to  fluidity,  that  when 
an  elastic  body,  or  one  which,  in  its  insulated  state  is 
aerial,  is  combined  with  a  solid,  if  its  escape  is  prevented 
by  sufHcient  pressure,  it  renders  the  solid  fusible  at  a 
lower  temperature.  Lime,  in  its  pure  state,  is  not  melt- 
ed by  the  most  intense  heat  which  a  furnace  can  raise, 
but,  when  combined  with  carbonic  acid,  it  is  melted  at  a 
temperature,  according  to  Sir  James  Hall's  experiments, 
not  greater  than  25°  of  Wedgwood,  the  escape  of  the 
carbonic  acid  being  prevented  by  the  necessary  pressure. 
The  aerial  ingredient  seems  to  share  its  facility  of  being 
expanded  by  caloric  with  the  solid,  and  thus  to  increase 
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the  fusibility  of  the  latter,  and  the  whole  accords  well 
with  the  view  given  by  Bcrthollet,  of  the  properties  of  a 
compound  being  the  modified  properties  of  its  constituent 
parts. 

There  is  a  remarkable  difference  between  expansion 
and  fluidity,  in  the  manner  in  which  they  are  effected. 
Expansion  is  produced  gradually,  there  being  as  many  de- 
grees of  it  as  there  are  degrees  of  temperature,  while  flui- 
dity is  in  general  sudden,  and  always  takes  place  at  a  pi'e- 
cise  temperature.  If  the  body  be  within  even  one  degree 
of  its  melting  point,  it  still  preserves  its  solid  form,  and 
when  that  degree  of  caloric  is  communicated  to  it,  it  im- 
mediately becomes  fluid.  There  are  some  substances, 
however,  which  become-  soft  before  they  pass  into  the 
state  of  liquids,  as  those  of  an  unctuous  nature.  Mr 
Nicholson  has  remarked,  that  the  same  thing  is  observa- 
ble in  some  of  the  metals.  In  the  solder  of  the  pewte- 
rers,  for  example,  the  interval  between  the  commence- 
ment of  crystallization  and  the  solidification  of  the  whole 
massj  is  not  less  than  40  degrees  *.  Even  in  those  sub- 
stances which  appear  to  suffer  the  change  of  form  most 
suddenly,  there  is  probably  a  gradation  in  the  force  of 
cohesion.  The  experiment  of  Mr  Leslie,  to  shew  the 
difference  in  the  state  of  cohesion  near  to  the  freezing 
and  boiling  points  of  water,  has  been  already  stated. 

In  the  reduction  of  fluids  to  the  state  of  solids,  there 
are  some  circumstances  which  have  an  influence  in  pro- 
ducing the  change,  independent  of  the  mere  abstraction 
©f  caloric.    When  ice,  for  example,  is  raised  to  the  tcm^^ 
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perature  of  32°  of  Fahrenheit,  it  invariably  melts,  nor  is  it 
possible  to  raise  its  temperature  one  degree  higher,  as  any 
addition  of  caloric  only  serves  to  melt  it  more  rapidly,  un- 
til the  whole  mass  is  resolved  into  water.  But  this  wa- 
ter may"  be  cooled  below  32°,  without  being  converted 
into  ice  it  may  be  cooled  without  difficulty  to  27°  or 
25°,  with  care  even  to  23°  ;  and  Blagden  succeeded  in 
reducing  the  temperature  of  water  which  had  been  made 
to  boil  strongly,  . so  as  to  expel  the  air,  to  21°  of  Fahren- 
heit, or  1 1  degrees  below  the  melting  point  of  ice.  De 
Luc  cooled  it  6  or  7  degrees  lower,  and  Mr  Dalton  has 
brought  it  so  low  as  5°  of  Fahrenheit  without  freezing. 

Different -circumstances  thus  influence  the  change  of 
form  besides  temperature.  The  most,  general  in'  its  ac- 
tion is  agitation.  In  cooling  the  water  below  32°,  to 
prevent  freezing  it  must  be  done  slowly,  and  with  per- 
fect rest.  If  agitation  be  not  guarded  against,  it  either 
freezes  at  32°,  or  if  we  have  succeeded  in  cooling  it  be- 
low that,  agitation  instantly  causes  it  to  freeze,  and  the 
temperature  immediately-  rises  to  the  freezing  point. 
This  was, observed  by  Mairan.  Blagden,  who  investigat- 
ed this  subject  by  experiment,  remarked,  that  the  kind 
of  agitation  which  favours  freezing  is  rather  that  which 
occasions  a  vibration  among  its  particles  than  that  which 
agitates  the  mass  :  hence  striking  the  vessel  containinpc 
the  cooled  water  against  a  hard  body  would  produce  in- 
stant congelation,  when  agitating  it  in  the  hand  would 
not  have  the  same  effect. 

Water  which  has  been  deprived  of  air  by  boiling,  or 
any  other  means,  it  has  been  supposed,  can  bear  a  re- 
duction of  temperature  without  freezing  better  than  the 
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purest  water  in  which  air  is  contained.  The  reverse  of 
this,  however,  was  established  by  Dr  lihicic.  He  exposed 
equal  quantities  of  water  unboiled,  and  water  which  had 
been  boiled  for  four  hours,  to  a  cold  atmosphere,  and 
found  that  ice  was  always  formed  first  in  the  boiled  wa- 
ter, and  that  frequently  when  ice  was  on  its  surface  the 
other  remained  liquid,  though  the  moment  it  was  agitat- 
'cd  spicule  of  ice  formed,  proving  that  it  had  been  cooled 
below  S2°.  Hence,  he  remarks,  the  reason  of  the  prac- 
tice in  India,  of  boiling  water  intended  to  be  employed 
to  obtain  ice.  Dr  Bbck  supposes  this  peculiarity  in  boil- 
ed water  to  arise  from  the  circumstance  that  its  air  ha- 
ving been  expelled,  it  again  absorbs  it,  when  exposed 
to  the  atmosphei"e  ;  and  this  absorption  may  occasion  a 
slight  motion  among  the  particles  at  its  surface,  by  which 
the  congelation  may  be  accelerated  *. 

The  intermixture  of  any  particles  that  impair  the  tran- 
sparency of  the  fluid  have  a  similar  effect;  so  that  it  can- 
not be  cooled  two  degrees  below  32°  without  freezing. 

The  circumstance,  however,  which,  with  most  cer- 
tainty, determines  the  congelation  of  water,  is  the  intro- 
duction of  the  smallest  particle  of  ice  or  snow ;  crystals 
instantly  shoot  from  the  spot  the  ice  touches,  until  the 
whole  surface  is  frozen.  The  effect  of  this  is  well  illus- 
trated in  an  experiment  of  Sir  Charles  Blagden's.  In  a 
calm  day,  when  the  temperature  of  the  atmosphere  was 
about  20°,  two  vessels  with  distilled  water  were  exposed 
to  the  atmosphere;  one  of  them  was  slightly  covered  with 
paper ;  the  other  was  left  open ;  the  former  bore  to  be 
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cooled  many  degrees  below  the  freezing  point,  while  a 
crust  of  ice  always  formed  on  the  surface  of  the  other, 
before  the  thermometer  immersed  in  the  middle  of  it  came 
to  the  freezing  point.  This  phenomenon,  which  had 
been  before  observed,  he  ascribes  to  frozen  particles  which 
at  that  temperature  float  in  the  atmosphere,  and  which, 
when  they  touch  the  cooled  surface  of  the  water,  instant- 
ly cause  it  to  freeze.  Oil  poured  on  the  surface  of  wa- 
ter prevents  it  from  freezing  so  readily, — an  effect  evi- 
dently to  be  ascribed  to  its  preventing  the  influence  of 
this  cause. 

The  phenomena  now  stated  have  generally  been  ex- 
plained on  the  principle,  that  the  congelation  of  a  fluid, 
such  as  water,  is  a  species  of  crystallization,  in  which  the 
particles  are  peculiarly  arranged;  this  arrangement  of  them 
in  the  state  of  ice  being  different  from  that  which  exists 
among  them  in  a  state  of  fluidity.  The  existence  of  such 
a  polarity,  or  disposition  to  unite  by  certain  surfaces  in 
preference  to  others,  seems  to  be  proved  by  the  lines  of 
ice  shooting  out  at  certain  angles,  and  by  the  transition  of 
form  being  accompanied  with  an  enlargement  of  volume. 
It  affords  a  satisfactory  solution  of  the  operation  of  the 
different  circumstances  which  influence  the  transition. 
When  the  fluid  is  cooled,  its  particles  are  made  to  ap- 
proximate J  but  the  surfaces  presented  to  each  other  may 
not  be  those  disposed  to  unite.  Agitatiotiy  by  the  various 
motions  impressed  on  the  particles,  may  occasion  some  of 
them  to  pass  into  a  more  advantageous  position,  or  cause 
them  to  approach  nearer  to  each  other  j  and  these  effects 
are  more  likely  to  happen  from  an  internal  agitation  tha^ 
from  a  general  motion  of  the  whole  mass.  Extraneous 
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substances,  besides  serving  as  points  from  whicli  a  degrc. 
of  attraction  may  be  exerted,  may  likewise,  by  various, 
chances  attending  their  floating  in  the  water,  throw  tlie 
particles  into  favourable  situations.  Lastly,  the  influence 
of  a  panicle  of  ice  is  evidently  to  be  ascribed  to  the  at- 
traction it  exerts  to  the  contiguous  particle  of  water,  an 
effect  which,  when  it  is  sufficiently  energetic  to  cause  the 
crystallization  to  commence,  will  quickly  be  extended 
through  the  whole  mass  *. 

Other  fluids  exhibit  the  same  phenomenon.  Mr  Mac- 
Jiab  found,  that  nitrous  acid  might  be  cooled  from  30''  to 
40°  below  its  usual  freezing  point ;  and  a  similar  obser- 
vation has  been  made  on  sulphuric  acid  and  on  mercury. 
A  very  decisive  proof  of  it  is,  that  they  can  be  cooled 
considerably  without  congealing  ;  but  the  moment  their 
congelation  commences,  their  temperature  rises  a  num- 
ber of  degrees.  Blagden  found,  that  the  same  thing  hap- 
pens in  many  saline  solutions.  The  dissolving  a  salt  in 
\t^ater  generally  depresses  its  freezing  point,  or  enables  it 
to  bear  a  greater  reduction  of  temperature  without  freez- 
ing. But,  in  such  cases,  the  property  of  bearing  reduc- 
tion of  temperature  a  number  of  degrees  below  the  point 
of  congelation  still. remains.  In  other  words,  these  sub- 
stances dissolved  in  water  do  not  take  away  its  property 
of  being  cooled  without  freezing  below  its  point  of  conge- 
lation, though,  by  depressing  that  point,  they  alter  the  de- 
gree of  cold  at  vvhich  it  commences.  By  dissolving  sea-salt, 
for  example,  in  water,  its  freezing  point  is  reduced  to 
le*',  but  it  can  with  care  be  cooled  to  9'^'  without  freez- 
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hig  ;  and  a  solution  of  nitre,  the  freezing  point  of  which 
is  27^,  can  be  cooled  to  IG*".  These  facts  admit  of  a  si- 
milar explanation. 

During  liquefaction,  a  quantity  of  caloric  is  absorbed 
by  the  fluid,  which  does  not  augment  its  temperature  ; 
and  when  it  returns  to  the  solid  state,  this  caloric  is  again 
given  out,  and  rendered  sensible.  This  is  a  chemical 
phenomenon  of  the  first  importance,  but  it  will  be  con- 
sidered with  more  advantage  in  a  subsequent  section. 

VArOKISATION. 

When  a  body  has  been  rendered  fluid  by  caloric,  by  a 
farther  rise  of  temperature,  the  fluid  is  expanded  in  the 
same  manner  as  when  it  existed  in  the  state  of  solidity. 
This  expansion  continuing  to  increase,  as  the  temperature 
is  raised,  the  particles  of  the  fluid  are  at^  length  separated 
to  such  distances  that  a  change  of  form  again  takes  place; 
the  attraction  of  cohesion  is  overcome,  a  repulsive  or  e- 
lastic  power  is  acquired,  and  the  body  becomes  rare  and 
invisible,  or  passes  into  the  ae'iiform  state.  This  is  the 
third  general  effect  of  caloric.  It  is  properly  termed  Va- 
porisation. 

Examples  of  this  change  of  form  are  sufficiently  fami- 
liar. When  water  is  heated  to  212°  of  Fahrenheit  it  be- 
gins to  boil.  This  ebullition  is  nothing  but  the  conver- 
sion of  the  fluid  into  vapour  ;  that  part  of  it  which  is  at 
the  bottom  of  the  vessel  receiving  the  caloric  immediately 
from  the  fire,  is  quickly  converted  into  vapour,  and  rising 
through  the  fluid  produces  the  appearance  of  boiling.  In 
a  certain  time  the  whole  will  be  dissipated  under  this 
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form.  Other  fluids,  as  alknliol,  or  ether,  or  a  number  ot" 
solids,  as  sulphur,  camphor,  Sec.  may  be  made  to  suffer 
the  same  change. 

This  process  of  vaporisation  has  been  distinguished 
from  another,  in  which  a  body  likewise  escapes  under  an 
invisible  elastic  form,  that  of  Evaporation.  When  water, 
for  example,  is  exposed  to  atmospheric  air,  the  air  is  con- 
ceived to  attract  part  of  it,  or  dissolve  it,  and  the  weight 
of  the  water  is  of  course  diminished,  until  it  entirely  dis- 
appears. A  number  of  other  bodies  sufFer  the  same 
change,  from  a  similar  cause.  This  is  termed  Spontane- 
ous Evaporation.  It  has  been  regarded  as  the  solution  of 
a  body,  solid  or  liquid,  in  an  aerial  fluid.  Vaporisation, 
again,  is  the  conversion  of  a  body  into  an  invisible  elastic 
vapour,  by  the  operation  of  caloric  alone. 

This  invisible  elastic  form,  into  which  many  substances 
are  brought  by  the  agency  of  this  power,  is  termed  the 
gaseous  or  aeriform  state  and  when  e-xisting  in  it,  they 
3re  named  Vapours,  Airs,  or  Gases.  The  two  latter 
terms.  Air  and  Gas,  are  perfectly  synonymous ;  they  are 
applied  to  denote  those  bodies  which  exist  in  this  invisi- 
ble elastic  state,  and  which  by  reduction  of  temperature 
are  not  reduced  to  the  fluid  or  solid  form.  Vapours,  a- 
gain,  are  easily  condensible ;  but  while  they  exist  in  the 
state  of  vapours,  they  possess  the  same  common  mechani- 
cal properties  as  airs. 

The  distinguishing  property  of  bodies  existing  in  the 
aeriform  state,  is  elasticity,  or  the  capability  of  bemg  re- 
duced into  a  smaller  volume  by  pressure,  and  of  expand- 
ing again  when  that  pressure  is  removed.  All  the  airs 
and  vapours  are  possessed  of  this  property,  and  it  is  near- 
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Jjr  peculiar  to  them  ;  for  though  there  are  some  experi- 
ments which  seem  to  prove,  that  water  and  some  other 
fluids  are  not  only  compressiblej  but  also  elastic,  yet  it  is 
in  so  inconsiderable  a  degree,  as' to  be  scarcely  percepti- 
ble ;  while,  on  the  contrary,  it  is  possessed  so  remarkably 
by  all  the  gases,  that  it  is  properly  stated  ae  their  most 
distinguishing  property. 

The  compressibility  of  any  of  these  bodies  Is  obvious, 
'  even  on  a  very  moderate  pressure.   The  weight  of  a  few 
,  inches  of  mercury  is  sufficient  to  reduce  the  volume  of 
I  jytpiospheric  air,  or  any  other  gap,  very  perceptibly.  By 
Si  strong  pressure,  atmospheric  air  has  been  reduced  to 
I  the  128th  part  of  its  volume.   By  mere  compression,  the 
j  viapours  can  be  reduced  to  the  fluid  state. 
'     Their  elasticity  is  exerted  with  very  great  force.  If 
any  fluid,  such  as  water,  alkohbl,  or  mercury,  be  heated 
in  a  vessel  from  which  the  vapour  cannot  escape,  the  ves- 
sel will  soon  be  burst,  though  made  of  metal,  and  of  coflr 
siderable  thickness.    The  elasticity  of  watery  vapour  is 
applied  with  great  force,  and  to  the  most  important  prac- 
,  tical  purposes,  in  the  steam-engine,  a  machine  in  which 
j  it  Is  the  spje  spring  of  motion,  productive  of  immense 
I  power. 

I  ^he  elasticity  of  the  gases  is  greatly  augniented  by  e- 
'  very  increase  of  temperature.  It  has  been  already  stated, 
that  the  volume  of  atmospheric  air  is  increased  by  this 
cause  in  the  proportion  of  -^i^th  part  of  its  bulk,  for  each 
degree  of  Fahrenheit's  scale ;  and  the  elasticity  of  watery 
vapour  is  nearly  doubled  by  every  30  degrees  of  Fahren- 
heit above  212°. 
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2.  Extreme  rarity  is  another  property,  distinguishing 
bodies  in  this  form.  Water,  for  example,  when  it  has  as- 
sumed the  state  of  vapour,  occupies  nearly  1800  times 
the  space  it  did  in  the  liquid  state.  This  rarity  is  so  great 
that  their  particles  are  invisible;  a  glass-vessel,  filled  with 
any  air  or  vapour,  being  as  transparent  as  if  it  contained 
no  matter.  When  the  vapours  are  condensing,  they  be- 
come opaque ;  but  this  is  owing  to  a  part  having  already 
assumed  the  fluid  form,  and  being  diffused  through  the 
remaining  vapour. 

3.  It  is  scarcely  necessary  to  add,  that  gravity  is  a  pro- 
perty possessed  by  all  the  vapours  and  gases,  since  they 
consist  of  solid  matter,  brought  into  this  form  by  caloric; 
though  from  their  great  rarity  they  are  much  inferior  in 
specific  gravity  to  solids  or  liquids. 

The  point  at  which  bodies  pass  into  the  aeriform  state 
is  very  various.  Some  assume  it  at  so  low  a  tempera- 
ture, that  even  the  greatest  cold  that  has  been  produced, 
is  insufficient  to  reduce  them  to  the  fluid  form.  Others, 
as  ether,  alkohol,  water,  mercury,  sulphur,  and  many  o- 
thers,  are  convertible  into  vapour  by  a  moderate  increase 
of  temperature;  ether,  for  example,  at  104^,  alkohol  at 
175^,  water  at  212",  quicksilver  at  672°.  Of  course, 
these  are  easily  reduced  to  the  state  of  fluidity  ;  while 
there  is  a  third  class  of  bodies,  consisting  of  the  metals 
and  earths,  which  are  not  converted  into  vapour  but  by 
the  most  intense  heat;  there  are  even  some  of  them  which 
have  not  sufl^ered  this  change.  These  are  termed  Fixed> 
in  contradistinction  to  those  which  arc  volatile  or  easily 
convertible  into  vapour  y.  but  the  term  is  merely  relative, 
since  there  caji  be  no  doubt  but  that  even  these  bodies 
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j  are  volatile,  though  at  a  higher  temperature  than  we  can 
'    easily  produce. 

This  difference  in  the  degree  of  temperature,  at  which 
bodies  assume  the  aerial  form,  has  given  rise  to  the  dis- 
tinction I  have  already  noticed,  as  established  in  chemical 
language,  between  vapours  and  airs  or  gases.  Different 
fluids,  at  a  certain  temperature,  assume  the  gaseous  form, 
that  is,  they  acquire  elasticity,  are  rarified  so  far  as  to  be- 
come invisible,  and  are  so  light  as  to  ascend  in  the  atmos- 
phere. While  in  that  state,  they  are  compressed  by  pres- 
sure, and  expand  when  that  pressure  is  removed,  provid- 
ing their  temperature  be  kept  up  ;  but  as  soon  as  their 
temperature  is  reduced  to  a  point  lower  than  that  at 
which  they  were  converted  into  the  state  of  vapour,  they 
return  to  the  fluid  form.  Such  bodies  existing  in  this 
state  of  elasticity  are  termed  Vapours. 

There  is,  however,  another  class  of  bodies  likewise  in- 
visible, compressible  and  elastic,  which  differ  from  the 
former,  in  being  not  reducible  by  mere  cold  or  pressure 
to  the  fluid  or  solid  state.  These  are  termed  Airs  or 
Gases,  and  are  distinguished  by  the  property  of  perma- 
nent elasticity.  Atmospheric  air  is  one  of  these,  and 
there  are  a  number  of  others,  distinguished  from  each 
]  other  by  peculiar  chemical  properties. 

The  same  opinion  has  been  entertained  of  these  airs, 
I  that  was  formed  respecting  those  bodies  which  were  al- 
j  ways  found  liquid.  Their  aeriform  state  has  been  consid- 
i  ered  as  natural  or  essential  to  them.  But  modern  che- 
mistry has  sufficiently  demonstrated,  that  they  owe  their 
J  form  to  the  presence  of  caloric,  and  that  could  this  be 
'  sufficiently  abstracted,  they  would,  like  the  mere  va- 
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pours,  "be  reduced,  first  to  the  liquid,  and  then  to  the  solid 
state. 

This  important  proposition,  though  even  in  the  pre- 
sent day  sometimes  objected  to  as  an  hypothesis,  is  suf- 
liciently  estabUshed.  It  is  rendered  in  the  highest  de- 
gree probable,  from  the  general  consideration  of  the  a- 
gency  of  caloric  ;  which  converts  solids  into  fluids,  and 
fluids  into  vapours.  These  vapours  possess  all  the  me- 
chanical properties  of  airs,  and  it  is  demonstrable,  that  if 
the  bodies  existing  in  the  state  of  vapour,  had  assumed 
that  state  at  a  lower  temperature,  they  would  have  pos- 
sessed the  only  distinguishing  property  of  airs,  perman- 
ent elasticity.  If  water,  for  instance,  instead  of  requir- 
ing a  temperature  of  212°  to  convert  it  into  vapour,  suf- 
fered that  change  at  20°  or  30",  it  is  evident,  that  at 
50°,  60°,  or  any  superior  temperature,  it  would  be  an  air, 
or,  in  other  words,  permanently  elastic ;  and  if  we  sup- 
pose its  point  of  vaporisation  to  be  still  lower,  to  be 

100°,  or  200°  below  0  of  Fahrenheit,  it  would  be  then 

I 

permanently  elastic  at  any  reduction  of  temperature  we 
could  command,  and  of  course  perfectly  analogous,  in  its 
mechanical  properties  to  atmospheric  air,  or  any  of  the 
gases.  This  inference  is  so  evident,  that  we  can  scarce- 
ly hesitate  in  admitting  the  conclusion,  that  the  perma- 
nent airs  are  solids  rarified,  and  rendered  elastic  by  cal- 
oric. 

The  proposition  is  farther  established  by  experiment, 
ff  two  of  -these  airs,  which  are  capable  of  entering  into 
chemical  combination,  are  mixed  together,  they  unite, 
and  form  a  compound,  which  may  exist  in  the  liquid  or 
solid  form ;  and  in  this  case  the  caloric,  to  which  they 
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I  "owed  their  aeriform  state,  is  disengaged.  And  chemists, 
by  haviivg  discovered  methods  of  producing  very  intease- 
colds,  have,  even  succeeded  in  bringitjg  to  the  fluid  state 
some  gases  which  formerly  appeared  to  be  permanently 
elastic.  The  same  result  has  been  obtained  by  strong 
compression,  muriatic  acid  gas,  oxyrauriatic  acid  gas 
and  sulphurous  acid  gas,  having  been  thus  reduced  to  li- 

;  quids  *.    The  objection,  therefore,  sometimes  urged  a- 

I  gainst  the  modern  system  of  chemistry,,  that  the  princi- 
pal substances  whose  actions  it  endeavours  to  trace,  are, 
hypothetical  principles,  is  founded  on  very  lirauted  and 
superScial  views. 

The  opinion  of  some  chemists,  that  the  difference  l^e- 

I  tween  the  gases  and  the  vapours,  consists  in  the  combine  , 
afion  of  the  caloric  with  the  gravitating  matter  of  eacli, 
being  more  intimate  in  the  one  than  in  the  other,  is  es- 
tablished by  no  evidence.  It  is  deduced  solely  from  these 
gases  being  incoodensible ;  but  this  is  plainly  owing  tQi 
the  cause  I  have  pointed  out,  the  low  temperature  at 
M'hich  these  substances  pass  into  the  aerial  form,. 

The  established  chemical  nomenclature  is  founded  on 

I  these  views  of  the  nature  of  the  aeriform  sta,te.  Every 
air  or  gas  is  considered  as  a  solid  substance,  brought  in- 
to the  aerial  form  by  the  agency  of  caloric.  This  solid 
matter  cannot  be  obtained,  because  we  are  unable  to  • 
produce  a  reduction  of  ternpetature  sufficient  to  ab- 
stract the  caloric  which  adiKjrcs  to  it.  But  na  chemist 
doubts  of  its  existence.  All  the  peculiar  properties  of. 
the  gas  are  considered  as  depending  upon  it ;  the  form 

*  Experiments  by  Mr  Northmore,  Nicholson's  Journal,  vol.  If?. 
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only  being  owing  to  caloric  ;  and  when  it  passes  into  che-* 
mical  combinations,  it  is  this  solid  matter  which  is  con- 
sidered as  the  agent  concerned,  as  exerting  those  attrac- 
tions from  which  the  combination  arises.  In  the  usual 
nomenclature,  then,  the  name  of  the  gas  is  derived  from 
this  solid  gravitating  matter  which  is  its  base.  Thus  a 
peculiar  gas  has  been  discovered  by  chemists,  which  has 
the  power  of  supporting,  in  a  remarkable  manner,  com- 
bustion and  animal  life.  It  is  denominated  Oxygen  Gas; 
and  its  solid  base  simply  Oxygen.  This  oxygen  has  ne- 
ver been  obtained  alone  ;  but  it  exists,  in  a  concrete  form, 
..in  many  combinations,  and,  when  separated  from  these, 
it  instantly  attracts  caloric,  passes  into  the  aeriform  state, 
or  forms  oxygen  gas.  Another  air  has  been  discovered, 
extremely  light,  and  highly  inflammable  ;  it  is  named 
Hydrogen  Gas,  and  it  likewise,  according  to  these  prin- 
ciples, is  conceived  of  as  consisting  of  a  solid  base,  hy- 
drogen, with  a  large  quantity  of  caloric.  The  same  no- 
menclature is  extended  to  all  the  other  airs. 

The  transition  of  bodies  to  the  aeriform  state  is  much 
influenced  by  pressure.  This  resists  their  expansion,  or 
the  repulsion  established  between  their  particles,  by  the 
agency  of  caloric  ;  and  hence,  to  convert  a  fluid  into  va- 
pour, a  higher  temperature  is  requisite  when  pressure  is 
present  than  when  it  is  removed.  Under  the  usual  at- 
mospheric pressure,  water  boils  at  212°  of  Fahrenheit; 
but  it  undergoes  the  same  change  at  180°,  or  even  some 
degrees  lower,  when  placed  on  the  plate  of  the  air-pump, 
and  the  air  is  exhausted.  At  different  barometrical  altitudes, 
it  boils  at  different  temperatures  ;  at  that  of  26,  for  ex- 
ample, it  boils  at  205°.    Ether,  which  requires  a  tempe- 
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rature  of  104-",  bolls  rapidly  in  the  exhausted  receiver  of 
the  air-pump  at  the  common  temperature  of  the  atmo- 
sphere j  and  there  is  every  reason  to  believe  that  quick- 
silver passes  into  vapour  in  vacuo ;  so  that  even  the  Tor- 
ricellian vacuum  cannot  be  regarded  as  a  perfect  one. 
Pictet  has  remarked  in  particular,  that  yihen  the  barome- 
ter is  exposed  to  considerable  changes  of  temperature,  oc- 
casionally to  the  solar  light  for  example,  very  small 
drops  of  quicksilver  collect  in  tlie  upper  part  of  the  tube, 
which  increasing  at  length  by  their  weight,  fall  back  into 
the  fluid  beneath  *. 

Pressure  has  an  equal  effect  in  repressing  the  elasticity 
of  vapour,  after  the  elastic  state  has  been  assumed,  and 
by  applying  it  in  sufficient  force,  the  vapour  is  entirely 
condensed. 

It  thus  appears,  that  the  change  of  a  fluid  into  vapour, 
is  not  confined  to  a  certain  temperature,  but  takes  place 
through  an  extensive  range  of  temperature,  less  being 
formed  as  the  temperature  is  low.  Nor  is  it  solely  de- 
pendent on  temperature,  but  on  temperature  modified  by 
pressure  ;  so  that  the  pressure  varying,  while  the  tempe- 
rature remains  the  same,  or  the  temperature  varying 
while  the  pressure  is  constant,  variable  quantities  of  va- 
pour are  formed.  Hence  it  follows,  that  the  amount  of 
elasticity  from  a  vapour,  arising  from  a  fluid  under  these 
different  circumstances,  is  very  different,  as  different 
quantities  of  the  fluid  pass  into  that  state.  This  subject 
has  been  investigated  by  Mr  Dalton  ;  and  from  an  exten- 
sive series  of  experiments,  he  has  shewn  the  elastic 


*  Egsais  de  Physique,  p,  154'. 
O  4 


2lS  OF  CALORIC. 

fotce  exerted  by  vapours  in  contact  with  the  fluid  from 
which  they  arise,  measured  by  the  column  of  mercury 
they  sustain,  through  an  extensive  range  of  temperature. 

Thus  the  vapour  of  water,  in  contact  with  water,  sus- 
tains, at  the  temperature  of  '212*^,  a  column  of  mercury 
of  30  inches  ;  at  122**,  or  the  mean  between  its  usual 
freezing  and  boiling  points,  it  is  equal  to  that  of  3.5 
inches  ;  and  at  32'',  to  .02  inches.  Mr  Dalton  having 
observed,  that  in  the  numbers  given  by  his  experiments, 
as  expressing  the  elastic  force  of  steam  at  different  tem- 
peratures intermediate  between  32*^  and  212**,  there  ap- 
peared to  be  a  geometrical  progression,  the  ratio  being, 
however,  a  gradually  diminishing  one,  was  enabled,  with- 
out the  aid  of  experiment,  to  fill  up  by  interpolation, 
those  degrees  which  he  had  not  ascertained  by  actual  ex- 
periment, and  to  extend  a  table  of  these  forces  at  both 
extremes,  that  is,  below  32*^,  and  above  212°  j  the  ra- 
tios for  each  interval  of  llj  degrees  below  32'',  being 
1.500,  1.515,  1.530,  1.545,  Sec;  and  the  ratios  fof 
each  interval  above  212°,  being  1.235,  1.220,  1.205, 
1.190,  1.175,  1.160,  1,U5,  1.130,  &c.  On  this  principle, 
he  constructed  a  table  of  the  force  of  vapour  from  water, 
in  every  temperature  from  below  0  to  325^.  It  will  be 
sufficient,  instead  of  giving  the  full  table,  to  give  the 
numbers  to  every  tenth  degree  *. 


*  Manchester  Memoirs,  vol.  v.  p.  559. 
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'I'tmpe- 
rature. 


Force  of  Vap. 
in  inches  of 
Mercury. 


-40  ■ 
-30  ■ 
-20  ■ 
-10 
0 
10  • 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
UO 
140 


■  .013 
.  .020 

■  .030 
.  .043 
.  .064 
.  .090 

■  .129 
.  .186 
•  .263 

■  .375 

■  .524 
-  .721 
■1.00 
-1.36 
-1.86 
-2.53 
-3.33 
-4.34 
-5.74 


Tempe- 
rature. 


Force  of  Vap. 
in  inches  of 
Mercury. 


o 

150  . 

160  ■ 

170  • 

180 

190 

200 

210 

220 

230 

240 

250 

260 

270 

280 

290 

300 

310 

320 

325 


-  7.42 

-  9.46 
-12.13 
-15.15 
-19.00 
-23.64 
-28.84 
-34.99 
-41.75 
-49.67 
-.58.21 
-67.73 
-77.85 
-88.75 
-100.12 
■111.81 
-123.53 
-135.00 
-140.70 


From  this  table,  then,  we  discover  what  quantity  of 
vapour  is  produced  from  water,  at  a  certain  temperature, 
measured  by  the  column  of  quicksilver  it  sustains  ;  wa- 
ter, for  example,  at  a  medium  temperature,  that  of  50* 
of  Fahrenheit,  giving  vapour  which  sustains  a  column  of 
0.375  inch ;  and  hence  also,  we  discover  at  what  tempe- 
rature, and  under  what  pressure,  vapour  will  be  formed. 
Thus,  at  50"  it  is  produced,  when  the  pressure  is  that 
which  has  just  been  stated,  0.375  inch  of  mercury.  It  is 
not  to  be  conceived,  as  it  might  be  perhaps  from  the  way 
in  which  the  fact  is  expressed,  that,  under  these  different 
circumstances,  the  same  quantity  of  water  passes  into 
vapour,  and  that  thii  vapoiir  has  more  or  less  elasticity ; 
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but  that  different  quantities  of  it  pass  Into  that  state  j 
the  quantity  being  greater  at  a  given  temperature,  as  the 
pressure  is  less,  or  under  a  given  pressure,  as  the  tem- 
perature is  high  i  and  hence  the  exertion  of  a  greater  e- 
iastic  power. 

Other  experiments,  which  have  been  made  on  the  force 
of  watery  vapour,  at  different  temperatures,  particularly 
those  by  Bettancourt,  which  are  the  most  extensive,  and 
perhaps  the  most  accurate,  give  numbers  somewhat  dif- 
ferent;  being  less  in  the  lower' part  of  the  scale,  and 
greater  in  the  higher.  This  will  be  apparent  from  the 
following  table,  in  which  the  force  of  vapour,  every  ten 
degrees  of  Reaumur's  scale,  is  expressed  by  the  column 
of  mercury,  measured  by  inches,  which  it  sustains  *. 


1 

Temperature. 

French 

Fahrenheit. 

English 

Reaumur. 

inches. 

inches. 

0 

0.00 

32 

0.00 

10 

0.15 

54.5 

0.16 

20 

0.65 

77 

0.69 

30 

1.52 

99.5 

1.62 

40 

2.92 

122 

3.11 

50 

5.35 

144.5 

5.71 

60 

9.95 

167 

10.61 

70 

16.90 

189.5 

18.02 

80 

28.00 

212 

29.86 

90 

4>6AO 

234.5 

49.49 

100 

71.86 

257 

76.57 

110  1 

9800 

279.5 

104.52 

4 

It  is  remarked  by  Mr  Dalton,  that  the  assumption  of  the 
force  of  vapour  at  32*'  of  Fahrenheit  being  nothing,  ren- 


*  Journal  Polytechnique,  cahier  ii.  p.  47. 
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dors  the  numbers  incorrect  in  the  lower  part  of  this  scale ; 
and  that  in  the  higher  part  they  are  represented  as  too 
great,  owing,  as  he  supposes,  to  a  portion  of  air  being 
disengaged  from  water  by  heat  mixing  with  the  steam, 
I  and  augmenting  its  elasticity.  This,  admitting  the  ob- 
J  servation  to  be  just,  as  it  probably  is,  may  render  the 
theoretical  solution  of  the  law  of  the  production  of  va- 
pour incorrect ;  but  as  this  disengagement  of  air  will 
probably  always  take  place  in  actual  experiment,  it  is  not 
less  true,  that  in  the  application  to  practical  purposes,  to 
calculating,  for  example,  the  force  of  steam,  as  a  mecha- 
nical power,  the  numbers  deduced  in  this  way  are  to  be 
preferred ;  and  they  derive  considerable  authority  from 
resting  on  actual  experiment. 

Mr  Dalton  has  since  stated*,  that  the  force  of  steam, 
in  contact  with  water,  increases  precisely  in  geometrical 
progression  to  equal  increments  of  temperature,  provided 
those  increments  are  measured  by  a  thermometer,  the 
scale  of  which  is  divided,  according  to  the  law,  that  the 
expansion  of  the  thermometrical  fluid  is  as  the  square  of 
the  temperature  from  its  freezing  point, — a  conclusion 
i  of  course  resting  entirely  on  the  truth  of  this  law — -a  sub- 
ject which  has  been  already  considered. 

Mr  Dalton  extended  his  experiments  to  other  fluids, 
and  established,  as  the  result  of  them,  the  general  law, 
"  That  the  force  of  vapour  from  all  liquids  is  the  same, 
**  at  equal  distances  above  or  below  the  several  tempera- 
*f  tures  at  which  they  boil  in  the  open  air."  Thus,  the 
cAastic  force  of  the  vapour  of  water  heated  to  212°,  is  e- 


*  New  System  of  Chemical  Philosophy,  p.  1 1 , 
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qua]  to  a  column  of  mercury  30  inches  m  height ;  by  a 
diiiunution  of  temperature  equal  to  30  degrees,  its  elas- 
ticity IS  diminished  one-half,  so  the  vapour  of  any  other 
liquid  loses  half  its  force,  by  a  diminution  of  temperature 
equal  to  30  degrees  below  that  at  which  it  boils  under  a 
common  atmospheric  pressure  and  the  like  for  any  o- 
ther  increment  or  decrement  of  heat.  When  the  elastic 
foice,  therefore,  of  the  vapour  of  water  at  different  tem- 
peratures is  determined,  it  is  easy  to  find  that  of  any  o- 
ther  liquid,  the  boiling  point  of  which  is  ascertained,  the 
elasticity  of  the  vapour  of  that  liquid,  at  any  distance 
from  its  boiling  point,  being  the  same  as  the  elasticity  of 
the  vapour  of  water  at  the  same  distance  from  ks  boiling 
point.  The  elasticity  of  the  vapours  of  different  liquids, 
is  in  proportion  tq  their  volatility,  as  is  of  course  to  be 
presumed.  The  boiling  points  of  ether,  according  to  Mr 
Dalton,  being  102",  of  alkohol  175°,  of  liquid  ammoniu 
HO",  of  liquid  muriate  of  lime  230*^,  the  force  of  the 
vapour  of  each,  at  60*^,  is  as  follows ;  that  of  ether  is  e- 
qual  to  12.13  inches  of  mercury  ;  that  of  alkohol  1.5  ; 
that  from  liquid  ammonia,  4.3 ;  that  of  the  vapour  from 
liquid  muriate  of  lime,  about  0.26  of  an  inch*.  Mr  Dal- 
ton has  since,  however,  from  his  opinion  of  the  inaccura- 
cy of  the  common  thermometer,  corrected  this  state- 
ment, that  the  variation  of  the  force  of  vapour  from  all 
liquids  is  the  same,  for  the  same  variation  of  tempera- 
ture. He  has  inferred,  that  all  vapours,  in  contact  with 
their  respective  liquids,  increase  in  force  in  geometrical 
progression  to  the  temperature  •,  but  the  ratio  is  different 


♦  Manchester  Memoirs,  vol.  v.  p.  563,  &c. 
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in  different  liquids, — a  conclusion  resting  on  the  same 
grounds  as  the  conclusion  with  regard  to  the  law  of  the 
force  of  watery  vapour.  Where  the  liquid  Is  not  homo- 
geneous, the  progression  is  not  geometrical,  as  the  va- 
pour is  a  mixture  of  the  substances  composing  the  liquid. 
This  is  the  case  with  alkohol,  which  always  contains  a 
mixture  of  water  ;  and  as  this  is  various,  the  force  of  va- 
pour from  it  is  not  easily  ascertained  with  precision. 
The  experiments  of  Bettancourt  with  regard  to  it  give  re- 
sults somewhat  different  from  Dalton's  j  the  proportion  ia 
its  force  to  that  of  watery  vapour  being  stated,  at  all  tem- 
f)eratures,  as  more  than  double,  or  as  7  to  3  nearly  *. 

By  increasing  pressure  on  fluids,  they  may  be  heat- 
ed to  a  very  high  temperature.  In  Papin's  digester, 
a  close  iron  vessel,  in  which,  by  means  of  a  valve  on 
which  a  regulated  weight  presses,  vapour  may  be  retain- 
ed without  the  risk  of  bursting  the  vessel,  until  it  exert  a 
very  great  pressure,  water  has  been  heated  to  above 
'400°,  and,  by  this  increase  of  temperature,  its  solvent 
power  with  respect  to  many  substances  is  much  increa- 
sed. And  by  applying  pressure,  vapours,  and  even  some 
gases,  as  has  been  already  stated,  are  condensed  into  the  li- 
quid form. 

Bodies  passing  into  the  aeriform  state,  absorb  a  very 
large  quantity  of  caloric,  which  does  not  increase  their 
temperature,  and  give  it  out  again  when  reduced  to  the 
fluid  State.  The  consideration  of  this  important  pheno- 
menon will:be  introduced  with  more  advantage,  in  con- 
nection with  another  subject — the  quantities  of  caloric 
which  bodies  contain. 
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From  the  different  tendencies  which  bodies  have  to  pass 
into  the  state  of  vapour,  we  are  enabled  to  separate  them 
from  each  other  when  they  are  previously  combined,  or 
when  they  become  products  of  chemical  action  ;  and  pe- 
culiar arrangements,  adapted  to  different  cases,  being  re- 
quisite for  this  purjpose,  constitute  several  chemical  ope- 
rations relative  to  vaporisation,  which,  with  the  appara- 
tus in  which  they  are  performed,  it  is  necessary  to  de- 
scribe. 

When  heat  is  applied  to  recover  a  solid  substance  dis- 
solved in  a  fluid,  without  any  arrangement  being  made  to 
preserve  the  fluid  itself,  the  operation,  which  is  named 
Evaporation,  is  performed  in  shallow  vessels,  which,  pre- 
senting an  extensive  surface,  proportioned  to  the  depth  of 
liquor,  admit  of  it  being  quickly  heated,  and  of  the  vapour 
escaping  without  any  resistance.  These  vessels  are  of 
glass,  earthen-ware,  or  metal,  according  to  the  nature  of 
the  substances  operated  on,  and  the  degree  of  heat  which 
is  to  be  applied.  In  chemical  experiments  on  a  small 
scale,  basons  of  glass,  or  of  "Wedgwood's  earthen-ware, 
sometimes  also  of  silver  or  platina,  are  used,  the  heat  be- 
ing applied  by  the  medium  of  a  sand-bath.  In  pharmacy 
and  the  arts,  they  are  more  frequently  constructed  of  iron 
or  lead,  and  the  heat  is  directly  applied.  Count  Rumford 
has  endeavoured  to  determine  the  capacity  of  boilers,  best 
adapted  to  the  evaporation  of  water,  from  a  given  quanti- 
ty of  fuel ;  and  the  same  problem  has  been  made  the  sub- 
ject of  experiment  by  Hassenfratz,  who  has  added  some 
experiments  on  the  comparative  results  of  evaporation  at 
different  temperatures.  The  result  with  regard  to  the 
last,  Is,  that  it  is  most  economical  to  keep  the  liquor  up  to 
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its  boiling  point,  the  greatest  quantity  being  thus  evapo- 
rated with  the  least  consumption  of  fuel  *.  At  the  same 
time,  it  frequently  requires  to  be  attended  to,  not  to  raise 
the  heat  unnecessarily  high,  as  the  vapour,  by  its  affinity 
to  the  fixed  body,  elevates  part  of  it  with  it  in  a  combined 
state.  This  has  been  ascertained  even  with  regard  to  the 
most  fixed  salts,  when  water  is  evaporated  from  them  at 
a  high  heat. 

When  the  object  Is  to  obtain  the  volatile  matter  by  e- 
vaporation,  it  is  of  course  carried  on  in  close  vessels,  con- 
structed so  as  to  collect  and  condense  the  vapour.  The 
operation  is  then  named  Distillation.  DifFerent  kinds  of 
•distilling  apparatus  are  employed,  adapted  to  different 
purposes. 

Where  the  process  is  conducted  on  a  large  scale,  as  In 
the  distillation  of  ardent  spirits,  the  common  still,  made 
generally  of  copper,  is  employed.  The  construction  of 
this  has  always  been  very  faulty,  and  in  direct  opposition 
to  the  principles  which  ought  to  have  been  followed. 
Being  made  of  a  very  considerable  depth,  proportioned  to 
its  diameter,  a  large  body  of  liquor  is  required  to  be  heat- 
ed, while  comparatively  a  small  surface  is  exposed  to 
the  fire,  and  hence  a  waste  of  heat.  And  the  tube  is- 
suing from  the  head  of  the  still,  and  conveying  the  va- 
pour into  the  spiral  tube  placed  in  the  refrigeratory,  being 
generally  very  narrow,  the  vapour  is  In  some  measure 
accumulated,  and  by  its  pressure  on  the  liquor  retards 
the  evaporation.  In  this  country  the  construction  of  the 
common  still  has,  within  these  few  years,  received  very 
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great  improvements,  by  the  skilful  application  of  the  prin- 
ciples which  regulate  distillation.  TJie  height  of  the  still 
of  the  new  construction  bebg  inconsiderable,  compared 
with  its  diameter,  and  by  the  width  of  the  tube  a  free  escape 
being  allowed  to  the  vapours,  the  <iistillation  can  be  per- 
formed with  a  rapidity  which  would  formerly  have  been 
thought  impracticable  *. 

In  the  greater  number  of  chemical  operations,  metallic 
vessels  are  acted  on  either  by  the  materials,  or  by  the  pro- 
.duct  of  the  operation  ;  and  hence  glass-vessels  generally 
require  to  be  employed  in  distillation.  The  Retort  or 
conical  bottle,  the  neck  of  which  is  bent  at  an  angle  of  about 
60  degrees  A,  adapted  to  a  receiver  B,  (Fig.  35.,  Plate  V.) 
is  the  most  convenient  apparatus  of  this  kind.  Some- 
times It  is  convenient  to  have  it  tubulated,  as  in  Fig.  36. 
A,  and  to  have  the  distance  between  it  and  the  receiver 
increased,  so  that  the  latter  may  be  kept  sufficiently  cool, 
by  an  intermediate  tube  B,  or  Adopter  as  it  is  named. 
The  heat  is  applied  to  it  by  the  medium  of  a  water-bath 
m  sand-bath.  Sometimes  it  is  made  of  earthen-ware, 
where  it  is  designed  to  be  ex-posed  to  a  very  intense  heat, 
and  is  covered  with  a  coating  of  clay  and  sand  when 
the  fire  is  to  be  immediately  applied  to  it. 

In  some  cases  of  distillation,  the  product  is  not  entire- 
ly a  vapour,  which  may  be  condensed,  but  there  is  like- 
wise disengaged  a  permanent  gas,  which  is  incondens- 
ible,  but  which  still  may  require  to  be  collected.  The 
receiver  having  a  bent  tube  issuing  from  it,  represented 


*  Report  on  the  Scotch  Distillery,  Philosophical  Magazine, 
vol.  vi,  p.  70. 
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by  C.  Fig.  36,  is  employed  in  this  case,  the  condensible 
part  of  the  product  is  collected  in  the  body  of  the  re- 
ceiver, and  the  elastic  product  issuing  through  the  tube, 
which  terminates  in  a  vessel  of  water,  may  be  collected  in 
an  inverted  bottle  or  jar. 

In  certain  cases,  the  product  designed  to  be  obtained  by 
idistillation,  is  an  elastic  fluid,  not  condensible  by  itself, 
)Ut  capable  of  being  condensed  by  being  transmitted 
through  water,  with  which  it  is  retained  in  combination. 
The  apparatus  invented  by  Woolfe,  Fig.  37,  is  employed 
or  this  purpose.    It  consists  of  a  series  of  bottles.  A,  B, 
C,  D,  connected  with  each  other  by  bent  tubes,  and  con- 
nected with  a  retort  generally  by  the  medium  of  an  a- 
dopter.    The  first  bottle  A  is  designed  to  collect  any 
ondensible  part  of  the  product.    In  the  other  bottles, 
water  is  placed  to  nearly  one-half  their  height,  represent- 
id  in  the  figure  by  the  dotted  line,  and  the  tube  passing 
rem  the  one  into  the  other,  beyond  the  second  bottle  B, 
dips  into  the  water  of  the  bottle  into  which  it  is  inserted, 
IS  is  represented  in  the  plate.    The  gaseous  product  is 
:hus  transmitted  through  the  water,  by  which,  as  well  as 
)y  the  pressure  which  is  necessarily  exerted  by  the  short 
olumn  of  water  in  each  tube,  its  absorption  is  promoted  ; 
md  if  any  portion  is  incapable  of  being  absorbed  by  the 
ater,  it  passes  ofF  by  the  bent  tube  at  the  end,  and  may 
>e  collected  in  an  inverted  jar,  in  a  trough  of  water. 
,ach  of  the  bottles  except  the  first,  has  a  straight  tube, 
hich  rises  to  the  height  of  8,  JO  or  12  inches  above  its 
insertion  into  the  bottle,  and  passes  so  far  within  it  as  to 
dip  in  the  water  nearly  half  an  inch.    This  tube  is  term- 
ed the  tube  of  safety,  and  the  use  of  it  is  to  guard  against 
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that  reflux  of  fluid  which  might  happen  from  a  partial 
vacuum  arising  from  condensation  in  any  of  the  bottles. 
At  the  commencement  of  the  distillation,  the  joinings  ci 
the  tubes  with  the  bottles  being  well  secured,  the  whole  is 
air-tight ;  and,  by  the  gas  produced,  the  atmospheric  air 
cohtained  in  the  upper  part  of  the  bottles  is  in  a  great 
measure  expelled  through  the  tubes.  If,  therefore,  in 
any  stage  of  the  distillation,  the  production  of  gas  should 
diminish,  the  quantity  contained  in  the  bottles  being  ab- 
sorbed by  the  liquor,  a  partial  vacuum  is  formed,  and  at 
the  end  of  the  process,  when  the  retort  cools,  this  must 
always  happen  j  the  consequence  of  this  must  be,  that 
the  water  being  more  pressed  on  by  the  atmospheric  air 
without,  than  by  the  gas  within,  must  pass  backwards 
from  one  bottle  to  another,  by  rising  through  the  tubes, 
as  from  D  to  C  and  from  C  to  B,  and  thus  the  whole  will 
be  mingled  together,  which  would  often  defeat  the  object 
of  the  distillation.  This,  however,  is  efli^ectually  prevent- 
ed by  the  tubes  of  safety,  as,  when  any  such  partial  va- 
cuum happens,  the  atmospheric  air  is  forced  through  the 
small  quantity  of  fluid  in  which  they  are  immersed,  and 
rising  into  the  bottles,  preserves  the  equilibrium. 

Various  improvements  have  been  made  in  this  appara- 
tus. One  defect  in  it  is,  that  we  cannot  have  the  advan- 
tage of  the  immersion  of  the  tube  which  comes  from  the 
first  botile  A  into  the  hquid  in  the  second  B ;  for  as  the 
first  bottle,  or  globe  as  it  sometimes  is,  is  designed  to 
collect  the  condensible  product,  and  ought  therefore  to 
be  without  water,  it  can  have  no  tube  of  safety  and 
hence,  if  the  tube  issuing  from  it  dip  into  the  liquid  in 
the  second,  whenever  any  condensation  happens,  from 
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he  gas  ceasing  to  be  produced,  the  liquor  will  pass  back-^ 
wards  into  it.    The  apparatus,  therefore,  is  represented 
in  the  plate,  as  it  ought  to  be,  with  the  bent  tube  from 
the  first  bottle  only  reaching  near  the  surface  of  the  li- 
quid in  the  second,  while  in  all  the  others  it  is  immersed. 
As  the  liquid,  however,  in  the  second  bottle,  is  in  the 
best  situation  for  being  impregnated  with  the  gas,  and 
therefore  for  forming  the  most  concentrated  product,  it 
is  of  some  importance  to  aid  this  as  much  as  possible, 
a  and  obtain  the  advantage  of  the  gas  being  forced  to  pass 
n  through  it,  by  the  tube  being  immersed.    The  contri- 
(t  vance  that  has  been  used  for  this  purpose,  is  the  tube  of 
safety  of  Welther,  or  bent  tube  with  an  additional  curva- 
ture, and  a  spherical  ball,  represented  Fig.  38,  as  inter- 
mediate between  the  globular  receiver'  and  the  common 
Woolfe's  bottle,  and  connecting  them.    In  this  is  put  a 
small  quantity  of  water,  so  as  to  rise,  when  the  pressure 
without  and  within  is  equal,  about  half  way  into  the  ball. 
If  the  elasticity  is  increased  in  the  internal  part  of  the 
apparatus,  during  the  distillation,  by  the  production  of 
i  gas,  the  water  is  pressed  upwards  to  the  funnel  at  the 
'  op  ;  if  there  is  a  condensation,  it  is  forced  by  the  at- 
iospheric  pressure  into  the  ball,  but  whenever  it  has  pass- 
i  the  curvature  beneath  the  ball,  it  is  obvious  that  a  por- 
on  of  air  must  rise  through  it,  and  will  pass  into  the 
globe  or  bottle,  to  the  tube  of  which  this  bent  tube  is  a- 
'.lapted.    This  tube,  however,  though  it  may  answer  the 
purpose,  is  inconvenient ;  from  its  form,  it  is  very  liable 
•o  be  broken;  and,  what  is  its  principal  defect,  we  caa 
employ  no  great  pressure  in  the  apparatus  with  it,  with- 
out making  it  of  such  a  length  as, to  be  unwieldy  and 
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■subject  to  risk.    The  method  I  employ  to  obviate  this 
inconvenience  is  more  simple.    It  is  having  the  usual 
bent  tub?  constructed  with  a  ball  in  that  part  of  it  which 
is  inserted  in  the  bottle  containing  the  liquid  into  which 
it  is  to  dip,  as  represented  Fig.  39.    By  properly  pro- 
portioning the  depth*  to  which  the  tube  is  immersed  i 
the  liquid  in  B,  to  the  size  of  the  ball,  it  is  obvious,  thr 
when  from  any  condensation  in  A  the  liquor  in  B  rise, 
when  the  ball  is  filled,  the  extremity  of  the  tube  will  b  - 
no  longer  immersed  ;  a  portion  of  the  gas  present  will 
therefore  rise  in  it  through  the  water,  and  preserve  th; 
equilibrium,  so  that  if  the  tube  be  not  too  deeply  im- 
mersed, no  part  of  the  liquid  in  B  can  ever  pass  into  A. 
This  method  has  the  advantages  that  we  can  employ  any 
pressure  whatever  in  the  apparatus,  and  that  no  atmo- 
spheric air  is  introduced  in  the  course  pf  the  distillation 
into  the  first  bottle,  but  only  the  elastic  fluid  which  is 
the  product  of  the  process.    The  use  of  tubes  of  this 
kind  may  even  supersede  the  use  of  tubes  of  safety- 
through  the  whole  apparatus  ;  for,  if  each  have  a  sphe- 
rical cavity  in  its  long  leg  above  its  insertion  in  the  bot- 
tle, and  if  its  immersion  in  the  liquid  be  duly  propor- 
tioned, the  reflux  of  the  liquid  will  be  prevented,  in  the 
manner  just  now  explained,  while  any  extent  of  pres- 
sure may  be  obtained  by  a  tube  issuing  from  the  last  bot- 
tle being  immersed  in  water  or  quicksilver. 

Another  imperfection  which  attends  the  common 
Woolfe's  apparatus,  is  the  difficulty  of  adapting  the  tubes 
b}'^' grinding,  so  that  it  is  necessary  to  secure  the  joinings 
by  lute,  which  is  always  inconvenient.  I  have  sought  to 
remedy  this,  by  having  a  tube  fixed  or  soldered  when 
the  bottle  is  maclc;  Into  that  orifice  into  which  the  long 


VAPORISATION.  22i} 

of  the  tube  from  the  preceding  bottle  is  to  enter,  as 

iresented  Fig.  40,  in  the  bottles  B,  C,  D.  This  solder- 
ed tube  being  of  such  a  length  that  it  is  immersed  in  the 

aor  within  the  bottle,  and  the  tube  which  enters  it 
!  ;:ving  a  very  sHght  curvature  at  its  extremity,  the  gas 
V.  hich  it  conveys  is  propelled  forward,  rises  through  the 

.ter,  and  passes  into  the  next  bottle;  and. as  there  is  no. 
4iiliculty  in  grinding  the  tubes  into  the  bottles  from  which 

ey  issue,  the  whole  apparatus  is  easily  constructed 
'  ithout  the  necessity  of  lute.  The  open  tube,  too,  serves 

e  purpose  of  a  tube  of  safety.  The  deficiency  of  an 
loparatus  of  this  construction,  is,  that,  very  little  pres- 
nire  can  be  applied  to  promote  the  absorption  of  the  gas- 

us  product  by  the  liquor,  as,  from  the  shortness  of  the 
:pen  tubes,  the  liquor,  by  such  a  pressure,  is  forced  up 
■hem,  and  may  overflow,  though  this  may  to  a  certain 

xtent  be  obviated,  by  having  the  wide  open  tubes 
vot  soldered,  but  ground  in,  and  having  them  of  such  a 

!igth  as  will  admit  of  the  rise  of  the. liquid,  as  is  repre- 

nted  in  E.  The  only  difficulty  in  executing  this,  is  to 
'kivc  the  orifice  of  the  bottle  into  wliich  the  wide  tube  is 
L'lound  perfectly  straight,  and  the  smaller  tube  which 

r.ters  it  precisely  at  a  right  angle,  as  otherwise  it  cannot 
be  inserted,  at  least  without  having  the  wide  tube  of  too 
iireat  a  diameter.    With  care,  however,  this  may  be  at- 

.ined,  and  the  apparatus  then  answers  perfectly  well. 
A  is  as  usual  left  without  water,  and  therefore  cannot 
have  an  open  tube,  but  absorption  is  guarded  against,  ei- 
■her  by  the  tube  passing  from  it  not  dipping  in  the  li- 

uor  in  B,  or  by  having  a  ball,  as  is  represented  iri  the 

tt^'P-    Other  improvements  of  the  original  apparatus 
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have  been  proposed,— one  by  Mr  Burkitt  *,  in  wliich  a 
valve  is  introduced  ;  one  of  a  similar  kind  by  Mr  Pcpys, 
and  another  by  Mr  Knight  f . 

What,  upon  the  whole,  however,  will  be  found  the 
most  convenient  apparatus  of  this  kind,  is  one  described 
by  Dr  Hamilton,  in  his  translation  of  Berthollet's  Treatise 
on  dyeing,  represented  with  some  slight  variations,  Fig. 
41.  It  consists  of  a  series  of  globular  vessels,  which  are 
fitted  by  grinding  to  each  other.  The  first  is  inserted 
into  the  second  by  a  short  neck,  for  the  reason  already 
stated  under  the  description  of  the  former  apparatus,  that, 
being  designed  to  receive  the  condensible  product,  water 
cannot  be  put  into  it  at  the  commencement  of  the  distil- 
lation, and  therefore  a  tube  of  safety  cannot  be  inserted  ; 
and  hence  the  tube,  by  which  it  is  connected  with  the 
second  bottle,  cannot  dip  into  the  water  in  that  bottle. 
From  the  second,  however,  there  passes  a  tube,  having 
such  a  curvature  that  it  can  be  easily  introduced  into  the 
third,  and  be  immersed  in  the  water  which  it  contains  j 
the  third  has  a  similar  curved  tube,  which  passes  into  the 
fourth,  and  the  fourth  terminates  by  a  bent  tube  in  a 
small  pneumatic  trough  ^.  In  the  second  bottle  is  in-, 
serted  a  tube  of  safety.  In  the  other  bottles  this  is  not 
necessary,  as  the  condensation  in  them  is  never  consider- 


*  Nicholson's  Journal,  4;to,  vol.  v. 
-j-  Philosophical  Magazine,  vol.  xx. 

■j^  In  the  original  apparatus,  these  curved  tubes  are  adapted 
to  the  necks  of  the  globes,  from  which  they  issue  by  grind- 
ing; but  this  is  unnecessary,  as  the  globe  can  be  easily  made 
with  such  curved  tubes  projecting  from  them. 
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able.  Tlie  great  advantages  of  the  apparatus  are,  that 
all  the  parts  of  it  can  be  very  easily  adapted  by  grinding, 
and  that  it  is  not  liable  to  be  broken  by  any  slight  dislo- 
cation, as  the  tubes  merely  recede  from  the  bottles  in 
which  they  are  inserted, — advantages  which  cannot  be 
pbtained  when  the  tubes  are  bent  as  they  are  in  the  com- 
mon apparatus.  The  only  deficiency  is,  that  as  the  tubes 
cannot  have  such  a  curvature  as  to  be  made  to  dip  more 
than  an  inch  in  the  water,  and  scarcely  so  much  without 
employing  too  much  water,  the  degree  of  pressure  can- 
not be  great,  so  as  to  facilitate  the  absorption  of  the  gas. 
I  have  obviated  this,  by  connecting  with  the  last  bottle, 
in  the  cases  where  it  is  required,  a  tube  bent  at  right 
angles,  like  the  common  bent  tube  of  the  Woolfe's  appa- 
ratus, which  is  immersed  in  a  jar  of  water  to  the  depth 
that  m'ay  be  required;  and  by  substituting  quicksilver  for 
water,  any  pressure  that  the  apparatus  can  sustain,  may 
be  obtained. 

A  liquid  obtained  by  distillation  is  sometimes  not  per- 
fectly pure,  or  it  is  dilute  from  the  intermixture  of  water 
that  has  been  elevated  in  vapour  along  with  it.  By  re- 
peating the  distillation  of  it  a  second  or  third  time,  it  is 
rendered  more  pure  and  strong  :  and  the  process  is  then 
named  Rectification,  or  sometimes  concentration. 

When  the  product  of  volatilization  is  a  substance  which 
condenses  in  the  solid  form,  the  process  is  named  Subli- 
mation ;  and  as  such  products  are  in  general  easily  con- 
densed, a  simple  apparatus  only  is  required.  The  alem- 
fcic  with  its  capital.  Fig.  42.  PI.  VI.  is  that  generally  used. 
The  alembic  A  is  merely  a  conical  shaped  vessel  of  glass, 
in  which  the  materials  are  put,  and  exposed  to  heat  in  a 
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sand-bath,  the  sublimate  condensing  in  the  upper  part  of 
it,  and  forming  a  crust  on  its  sides.  The  capital  B  is  a- 
dapted  to  its  mouth  to  prevent  the  escape  of  the  vapour 
a  small  groove  or  channel  runs  in  the  under  part,  termina- 
ting in  a  tube  projecting  from  it,  by  which  any  liquid  is 
collected  and  prevented  from  running  down  or  dropping 
on  the  sides  of  the  alembic. 

I  have,  lastly,  to  take  notice  of  the  apparatus  requisite 
for  operating  on  bodies  which  are  permanently  elastic. 

The  Pneumatic  Trough  is  the  principal  part  of  this  ap- 
paratus. It  is  merely  a  trough,  made  of  wood,  lined  with 
lead,  generally  of  an  oval  form,  about  6  inches  deep,  from 
20  to  24  in  length,  and  at  the  greatest  breadth  15  inches ; 
a  moveable  shelf  being  placed  in  it,  at  the  depth  of  2 
inches  from  the  edge,  in  the  longest  direction,  so  as  to  oc- 
cupy one-half  of  the  breadth,  as  is  represented  in  Fig.  47. 
If  a  glass  jar  be  filled  with  water,  and  placed  inverted  on 
this  shelf,  the  trough  being  filled  with  water  to  the  edge, 
it  is  obvious  that  the  mouth  of  the  inverted  jar  being  sur- 
rounded with  water,  the  water  within  it  will  be  sustained 
by  the  pressure  of  the  atmosphere.  If,  while  thus  filled, 
the  extremity  of  a  retort,  or  tube  connected  with  a  bottle 
disengaging  gas,  be  placed  under  it,  or  if  another  inverted 
jar,  containing  any  air,  be  turned  up,  under  the  mouth  of 
it  advanced  of  course  a  little  over  the  shelf,  the  elastic 
fluid,  in  either  case,  will  rise  through  the  water,  displace 
it,  and  be  collected  in  the  jar  ;  and  while  the  mouth  of 
this  jar  continues  surrounded  with  water,  the  included  air 
cannot  escape,  nor  will  the  atmospheric  air  find  access  to 
it.  In  this  way,  then,  aeriform  fluids  can  be  collected, 
preserved,  and  easily  submitted  to  experiment.    Some  of 
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them,  however,  are  rapidly  absorbed  by  water.  These 
must  be  received  and  kept  over  quicksilver  ;  and  as  this 
fluid  is  both  expensive,  and  inconvenient  from  its  weighty 
a  smaller  trough  is  employed,  either  hollowed  out  of  mar- 
ble, or  of  a  solid  block  of  hard  wood.  This  is  represent- 
ed, Fig.  48.  with  an  addition  which  is  convenient; — \ 
small  rod  fixed  in  the  wooden  standard  on  which  the 
trough  is  placed,  which,  by  a  ring  attached  to  it  by  a  sli- 
ding arm,  serves  to  support,  without  any  risk,  the  jar  fill- 
ed with  quicksilver, \and  placed  on  the  shelf. 

The  other  principal  part  of  the  apparatus,  for  operating 
on  the  gases,  is  the  Gazometer,  designed  to  contain  gases, 
so  that  measured  quantities  can  be  withdrawn,  of  which 
there  are  some  more,  others  less  complicated.  One  of 
the  most  simple,  and  which  answers  sufficiently,  at  least 
for  all  common  experiments,  is  that  represented  Fig.  49. 
It  is  made  of  tinned  iron,  the  surfaces  of  which  are  ja- 
panned, and  consists  of  two  principal  parts  ;  a  large  vessel 
A,  somewhat  bell-shaped,  which  is  designed  to  contain  tlxe 
gas,  and  a  cylindrical  vessel  of  rather  greater  depth,  B,  in 
-which  the  former  is  placed,  ^nd  which  is  designed  to  con- 
tain the  water  by  which  the  gas  is  confined.  To  dimi- 
nish, however,  the  quantity  of  water,  this  cylindrical  ves- 
sel has  a  cone  within  it,  also  of  japanned  tinned  iron,  C, 
adapted  to  the  shape  of  the  gas-holder,  so  that  this  latter, 
Avhen  pushed  down,  slides  between  this  and  the  cylindrical 
vessel,  and  a  small  quantity  of  water  fills  up  the  space  be- 
tween them.  The  vessel  designed  to  contain  the  gas,  is  sus- 
pended by  cords  hung  over  pulleys,  to  which  weights  are 
attached,  so  as  to  counterpoise  it.  From  a  stop-cock  at  the 
^nder  part  of  the  apparatus,  D,  there  runs  a  tube  under 
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the  cylinder,  which  rises  through  the  centre,  passing 
through  the  cone,  tlie  opening  by  which  it  passes  being 
soldered  so  as  to  be  air-tight,  and  terminating  by  an  open 
mouth  at  the  upper  part  of  the  bell-shaped  vessel  A. 
This  tube,  at  the  part  where  it  is  bent  at  right  angles,  to 
jiscend  as  has  been  described,  is  connected  with  another 
which  also  runs  under  the  bottom,  and  ascends  on  the 
outside,  terminating  in  the  stop- cock  E,  so  that  from  the 
one  stop-cock  to  the  other,  through  the  gas-holder,  there 
is  an  uninterrupted  passage.    "When  the  instrument  is  to 
be  used,  the  stop-cock  E  is  opened,  and  the  vessel  A 
pressed  down,  a  sufficient  quantity  of  water  being  in  the 
outer  cylinder  ;  the  air  of  the  vessel  is  forced  out  by  the 
pressure,  and  its  place  is  occupied  by  the  water  in  which 
it  is  thus  immersed.  When  this  is  effected,  the  stop-cock 
is  closed,  and  now,  if  we  wish  to  introduce  any  gas  into 
the  apparatus,  a  bent  funnel,  the  mouth  of  which  is  pla- 
ced in  a  vessel  of  water,  is  attached  to  the  tube  of  the 
stop-cock  D,  as  represented  in  the  figure,  and  the  stop- 
cock is  opened.    If  the  extremity  of  a  retort,  or  of  a  tube 
conveying  gas,  as  represented  in  the  figure,  terminate  be- 
low the  orifice  of  the  funnel,  the  gas  will  rise  along  the 
tube,  will  ascend  to  the  top  of  the  gas-holder,  and  this 
being  counterpoised,  will,  as  the  gas  enters,  rise  in  tJie 
water  until  it  is  filled,  a  quantity  of  water,  of  course,  re- 
maining around  the  moutli  of  it,  by  which  the  gas  is  con- 
fined.   When  we  wish  to  expel  the  gas,  the  stop-cock 
at  D  is  closed,  that  at  E  is  opened,  a  flexible  tube  is  a- 
dapted  to  it,  and  the  gas-holder  being  pressed  down, 
either  by  .the  hand,  or  by  its  own  weight  from  the  remo- 
val of  the  counterpoising  weights,  a  stream  of  gas  issues 
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from  the  extremity  of  the  flexible  tube,  and  may  be  trans- 
ferred into  a  jar,  or  be  applied  to  any  other  purpose,  and 
its  quantity  may  be  measured  by  the  instrument  being 
graduated  by  a  scale  marked  on  the  brass  rod  F. 

The  instrument  which  appears  connected  with  the  ga- 
zometer  in  the  plate,  Fig.  50.  is  a  very  convenient  one  for 
procuring  gases  from  any  solid  substance,  by  the  applica- 
tion of  a  strong  heat.  It  is  an  iron  bottle  A,  into  which 
is  fitted,  by  grinding,  a  tube  bent  at  an  acute  angle.  To 
this  a  smaller  tube  is  adapted,  the  extremity  of  which  can 
be  adapted  to  various  heights,  by  a  circular  joint  in  the 
middle  of  it,  at  b.  The  bottle  containing  the  materials 
from  which  the  elastic  fluid  is  to  be  disengaged,  is  placed 
in  a  furnace,  or  in  a  common  fire,  so  as  to  be  raised  to  a 
sufficient  heat,  the  gas  issues  at  the  extremity,  and  may- 
be conveyed  into  the  gazometer,  or  received  in  an  invert- 
ed jar  on  the  shelf  of  the  pneumatic  trough.  At  the  end 
of  the  operation,  the  gas  ceasing  to  be  produced,  as  the 
heat  diminished,  the  water  would  be  pressed  into  the 
tube,  and  might  rise  even  into  the  bottle,  if  the  joinings 
were  not  opened.  The  easiest  way  of  obviating  this,  is 
by  having  a  small  stop-cock  in  the  tube  as  at  which 
may  be  opened  when  the  production  of  the  gas  has  ceas- 
ed. 

When  a  gas  is  extricated,  in  consequence  of  chemical 
action,  with  the  application  only  of  a  moderate  heat,  the 
flask  or  cucurbit,  with  a  bent  tube  ground  to  it,  Fig.  4j3. 
is  the  most  convenient. 

^n  all  accurate  experiments  on  gases,  it  is  of  importance- 
that  the  quantities  should  be  determined  with  precision  ; 
and  as  to  weigh  the  gases  requires  a  very  delicate  and 
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complicated  apparatus,  and  is  troublesome  in  the  execu- 
tion, chemiots  measure  them  by  their  volumes,  and  find 
their  weights  by  a  reference  to  the  tables  of  their  specific 
gravities,  which  have  been  constructed.  Hence  jars  gra- 
duated into  cubic  inches  and  tenths,  are  convenient,  as 
are  also  in  Oth^r  cases,  jars  graduated  into  equal  arbitrary 
parts,  as  represented  Fig.  4  )'.  In  thus  estimating  the 
weights  of  gases  from  their  volumes,  several  circumstances 
require  to  .be  attended  to,  particularly  the  temperature 
and  the  pressure.  Elastic  fluids  being  so  expansible,  it  is 
obvious  th^tt  a  very  considerable  change  in  their  specific 
gravity  will  be  made,  by  a  very  trivial  alteration  of  tempe- 
rature. The  standard  temperature  of  54?.5  of  Fahrenheit 
is  assumed  as  that  at  which  the  specific  gravities  of  the 
gases  are  ascertained,  and  if  their  temperatures  are  differ- 
ent from  this,  the  due  correction  is  to  be  made.  The 
following  is  the  formula.  Aeriform  fluids  are  expanded 
of  volume  by  each  degree  of  elevation  of  temperature, 
according  to  Fahrenheit's  scale.  Divide  therefore  the  ob- 
served volume  of  gas  by  480,  and  multiply  the  quotient 
by  the  number  of  degrees  at  which  the  temperature  of 
the  gas  is  either  above  or  below  54<.5  of  Fahrenheit. 
The  correction  is  negative  when  the  actual  temperature  is 
above  the  standard,  and  positive  when  it  is  below  it.  In 
the  former  case,  therefore,  the  product  of  the  multiplica- 
tion is  to  be  subtracted  from  the  observed  volume  in  the 
latter  it  is  to  be  added  to  it,  to  give  the  real  volume  *. 


*  The  above  formula  is  that  given  by  Lavoisier,  substituting 
only  -L,  for  _I_  as  the  Gxpanr.ion  of  the  gas.  It  is  not,  how- 
ever,  perfectly  correct  in  r(jducing  from  a  higher  to  a  lower  tern- 
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The  other  correction  that  may  be  requisite  is,  that  for 
any  varying  pressure,  whether  of  the  atmosphere,  or  of 
any  fluid  in  which  the  vessel  containing  the  gas  may  be 
more  or  less  immersed,  as  this  must  alter  the  volume  of 
the  gas.  The  weight  of  the  gases  is  fixed  at  the  mean 
barometrical  pressure  29.85  mches  of  mercury  ;  and  of 
course,  if  the  atmospheric  pressure,  at  the  time  of  esti- 
mating the  volume  of  a  gas,  vary  from  this,  the  correction 
must  be  made  to  bring  it  to  the  standard.  The  volume 
of  all  elastic  fluids  is  in  the  inverse  ratio  of  the  weight 
compressing  them.  As  the  mean  barometrical  pressure, 
therefore,  is  to  the  actual  pressure,  so  is  the  observed  vo- 
lume to  the  volume  at  the  mean  pressure.  If,  for  exam- 
ple, the  observed  volume  of  a  gas  at  the  standard  tempe- 
rature 54.5  is  100  cubic  inches,  the  barometer  being  at 
SO. 37,  to  determine  what  volume  it  would  occupy  at  the 
mean  barometrical  pressure  20.85,  let  x  represent  the  un- 
known volume;  then  100  :  x  inversely,  as  30.37:  29.85, 
or  directly,  29.85:  30.37  ::  100:  x=:101.741;  or  the  gas, 
which  at  30.37  barometrical  altitude  occupies  100  cubic 
inches  of  volume,  will  at  29.85  occupy  101.741.  The 
simple  formula  therefore  is,  multiply  the  real  pressure 
under  which  the  gas  is,  by  the  volume  of  the  gas  :  divide 
the  product  by  the  mean  barometrical  pressure,  and  the 
<]uotient  is  the  volume  under  that  pressure. 


pei  ature,for  the  volume  in  the  higher  temperature  is  greater  than 
that  at  the  lower,  and  therefore  the  part  ~  in  die  one  is  different 
from  that  in  the  other.  As  the  correction,  however,  seldom 
extends  to  an  interval  of  temperature  more  than  10  degrees, 
the  error  is  se  trivial  that  it  may  be  neglected. 
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Another  correction  which  may  be  requisite  is,  thatf 
from  the  pressure  of  the  fluid  surrounding  the  mouth  of 
a  jar  containing  air.  If  a  jar  containing  air,  stand  on  the 
shelf  of  the  pneumatic  trough,  and  if  the  water,  without 
and  within  the  jar,  be  precisely  at  the  same  level,  it  is  ob- 
vious that  the  pressure  is  equal,  and  is  merely  that  of  the 
external  atmosphere;  but  if  it  be  surrounded  without  with 
water,  to  a  greater  height  than  that  within,  it  is  equally 
evident,  that  there  is  this  additional  pressure  to  that  of  the 
atmosphere  on  the  included  air ;  and  if  it  were  surround- 
ed with  quicksilver,  as  the  weight  of  this  is  so  much 
greater,  the  pressure  must  of  course  be  proportionally 
more  considerable:  Or  if  the  jar  were  only  ^ths  filled  with 
air,  the  other  fourth  being  filled  with  water  or  quicksil- 
ver ;  it  is  also  obvious,  that  this  counteracts  the  pressure 
of  the  atmosphere  on  the  gas  included,  and  that  the  real 
pressure  to  which  it  is  subjected,  is  the  atmospherical 
pressure  mimis  the  weigjat  of  the  column,  whether  water 
or  quicksilver,  within  the  jar,  which  of  course  must  be  al- 
lowed for.  The  most  convenient  mode  is  to  bring  the 
fluid  within  and  without  the  vessel  to  the  same  height ; 
but  this  is  not  always  practicable. 

The  following  is  the  manner  in  which  this  is  corrected, 
and  the  apparent  volume  brought  to  the  real  volume  un- 
der a  given  pressure.  Wh-en  quicksilver  is  the  fluid, 
measure  the  height  of  the  column  of  it  within  the  cylin- 
drical jar,  and  subtract  this  from  the  observed  barometri- 
cal pressure.  Suppose  that  the  height  of  the  column  of 
quicksilver  is  six  inches,  and  that  the  barometer  is  at  30, 
this  gives  24-  as  the  real  pressure  under  which  the  gas  \n 
the  jar  is.    Measure  the  volume  it  occupies,  which  sup- 
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pose  to  be  100  cubic  inches.  Then  x  representing  the 
unknown  volume,  iOO:  x  inversely,  as  24:30,  or  di- 
rectly 30  :  24  ::  100:  x  =  80  cubic  inches,  the  volume; 
of  the  gas  when  the  barometer  stands  at  30.  The  sim- 
. pie  formula  therefore  is,  subtract  the  height  of  the  co- 
lumn of  quicksilver  in  the  jar  from  the  atmospheric  pres- 
sure, as  imlicated  by  the  barometer;  multiply  the  remain- 
der by  the  volume  of  gas,  the  jar  containing  it  being  cy- 
lindfical;  divide  the  product  by  the  real  barometrical  pres- 
sure, and  the  quotient  gives  the  volumeunder  that  pressure. 
Or,  if  the  division  be  made  by  29.85,  the  mean  atmospheric 
pressure,  this  gives  at  once  the  volume  under  that  pressure. 

When  water  occupies  the  space  in  the  jar,  the  calcu- 
lation may  be  made  from  its  specific  gravity  compared 
with  that  of  quicksilver,  the  former  being  to  that  of  the 
latter  as  1  to  13.5:  the  depth  therefore  of  13|  inches 
of  water  will  reduce  the  volume  of  gas  thje  sanje  as  an 
inch  of  mercury  does  ;  or  an  inch  of  water  is  equal  ia 
pressure  to  .0737  of  an  inch  of  quicksilver.  The  follow- 
ing table  is  convenient  for  converting  at  once  the  observed 
heights  of  water,  expressed  in  inches  and  decimals,  to 
'  corresponding  heights  of  mercury. 


Water. 

■ 

Mercury. 

Water. 

Mercury. 

.1 

.00737  ■ 

4. 

.29480 

.2 

.01474 

5. 

.36851 

.3 

.02201 

6. 

-  .4422] 

.4 

.02948 

7. 

.51591 

.5 

.03685 

8. 

•58961 

.6 

.04422 

9. 

.66332 

.7- 

.05159 

.  10. 

.75702 

.8 

.05896 

11. 

.81072 

.9 

.06633 

12. 

.88442 

1. 

.07370 

13. 

.96812 

2. 

.14710 

14. 

1. CI  182 

3. 

.22010 

15. 

1.11525 
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IGXITION., 

The  effects  arising  from  the  operation  of  Caloric, 
which  we  have  hitherto  considered, — Expansion,  Fluidi- 
ty and  Vaporisation,  are  so  far  connected,  that  they  may 
be  regarded  as  different  degrees  of  one  more  general  ef- 
fect,— the  increase  which  it  occasions  in  the  distances  of 
the  particles  of  bodies.  Ignition;  or  Incandescence,  can- 
not be  referred  to  this  cause,  and  is  therefore  an  efi^ect 
of  caloric,  having  no  immediate  connection  with  the  o- 
thers. 

By  Ignition  is  meant  that  illumination  or  emission  of 
light,  produced  in  bodies  by  exposing  them  to  a  high  tem- 
perature, and  which  is  not  accompanied  by  any  other 
chemical  change  in  them.  It  is  to  be  distinguished  from 
combustion,  a  process  in  which  there  is  also  the  emission 
of  light  and  heat.  Combustion  is  always  the  result,  not 
of  mere  increase  of  temperature,  but  of  the  chemical  ac- 
tion of  the  air,  or  of  a  principle  which  the  air  contains. 
A  certain  class  of  substances,  denominated  Combustible, 
are  alone  susceptible  of  it,  and  when  the  process  has 
ceased,  the  body  remains  no  longer  combustible.  Igni- 
tion is  an  efi^ect  of  the  operation  of  caloric  alone  ;  it  is 
wholly  independent  qf  the  air,  for  by  immersing  com- 
pletely any  body  in  melted  glass,  it  is  rendered  luminous; 
all  bodies,  at  least  all  solid  and  liquid  substances,  are  e- 
qually  susceptible  of  it ;  and  if  it  has  ceased  from  a  re- 
duction of  temperature,  it  may  be  renewed  by  the  tem- 
perature being  again  raised. 
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The  temperature  at  which  the  first  stage  of  ignition 
takes  place,  or  at  which,  in  common  language,  bodies  ar- 
rive -at  a  red  heat,  appears  to  be  the  same  in  all.  Mr 
Wedgwood  gilded  lines  running  across  a  piece  of  earthen 
ware,  and  luted  it  to  the  end  of  a  tube,  which  was  placed 
in  a  heated  crucible  ;  the  eye  being  applied  to  the  other 
extremity  of  the  tube,  no  difference  of  time  could  be 
perceived  in  either  the  gold  or  the  earthen  ware  begin- 
ning to  shine.    No  two  substances  can  be  more  dissimi- 
lar j  and  it  may  be  inferred,  that  all  bodies  become  red- 
hot  at  the  same  temperature.    As  this  can  be  judged  of 
only  by  the  illumination,  it  must  of  course  appear  vari- 
ous, according  to  circumstances.    In  a  body,  therefore, 
which  in  the  dark  appears  at  a  low  red  heat,  the  illumi- 
nation will  not  be  visible  in  day-light.    Sir  Isaac  New- 
ton, by  observing  the  celerity  with  which  a  body  cools, 
and  calculating  on  the  principle  which  has  been  already 
pointed  out  (p.  l+D.),  concluded,  that  ignition,  visible  in 
the  dark,  corresponds  with  635°  of  Fahrenheit's  scale; 
full  red  heat  with  752° ;  and  ignition  visible  in  day-ligllt 
with  above  1000°.    Dr  Irvine,  having  found  that  quick- 
silver boils  at  672°,  and  having  observed  that  boiling 
mercury  did  not  appear  at  all  luminous  in  the  dark,  it 
necessarily  followed,  that  the  point  of  ignition  must  be 
higher  than  Newton  had  supposed  it  to  be.    He  had 
farther  found,  that  when  equal  bulks  of  iron  and  water, 
at  different  temperatures,  are  mixed  together,  the  result- 
ing temperature  is  nearly  the  mean,  and  he  applied  this 
method  to  determine  the  point  of  ignition :  the  result  is 
not  precisely  known  ;  but  the  heat  of  a  common  coal  fire 
Vol.  I.  Q 
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lie  found  to  be  IdO'^  or  796"  *  Mr  Wedgwood,  by  thf 
expansion  ot  the  piece  of  silver,  measured  by  a  gage  of 
baked  clay,  by  which  he  endeavoured  to  connect  his  ther- 
mometer with  Fahrenheit's,  as  lias  been  already  explain- 
ed, fixed  the  point  of  ignition  visible  in  the  dark  at  1  of 

his  scale,  which  corresponds  with  947°  of  Fahrenheit; 
and  ignition,  in  day-light,  he  placed  at  the  commence- 
ment of  his  scale,  or  1077°.  This  differs  from  the  pre- 
ceding results ;  and  as  it  is  probable  that  the  silver  would 
suffer  an  increasing  expansion,  this  might  cause  the  tem- 
perature to  appear  higher  than  it  actually  was,  and  hence 
have  given  the  point  of  ignition  too  high.  It  is  probably 
not  far  from  800*^  of  Fahrenheit. 

By  raising  the  temperature,  the  illumination  becomes 
brighter,  and  the  red  light  acquires  a  mixture  of  yello  w 
rays.  At  length,  by  increasing  the  heat,  we  have  the 
due  proportion  of  coloured  rays,  which  forms  perfectly 
white  light.  This  is  the  highest  state  of  ignition,  or  any 
farther  rise  of  temperature  produces  no  apparent  change. 

Ignition  continues  undiminished,  as  long  as  the  tempe- 
rature is  kept  up,  unless  the  heat  be  such  as  to  volatilize 
or  alter  the  constitution  of  the  ignited  body. 

The  aeriform  fluids  are  not  brought  into  a  state  of  il'* 
lumination  by  heat.  This  was  observed  by  Dr  Fordyce, 
in  the  example  of  the  vapour,  at  the  end  of  the  flame  of 
a  blow- pipe,  which  though  itself  not  visibly  luminous  at 
its  extremity,  will,  if  applied  to  glass,  raise  it  to  a  white 
heat  f .    The  fact  was  afterwards  also  established  by  Mr 


*  Chemical  Essays,  p.  S3, 
f  Philosoph.  Trans,  vol.  Ixvi.  p.  504. 
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Wedgwood.  Air  was  forced  to  pass  through  an  earthen 
tube,  in  a  state  of  ignition,  and  was  conducted  into  a 
globular  vessel,  from  which,  by  an  opening  in  the  top,  it 
was  allowed  to  escape ;  while,  by  another  opening  in  th^ 
side,  closed  by  a  piece  of  glass,  the  eye  could  be  directed 
into  the  inside  of  the  globe.  On  looking  into  it,  the  air 
which  had  passed  through  the  ignited  tube  was  not  lumi- 
nous ;  but  if  a  solid  body,  as  a  piece  of  gold,  was  sus- 
pended in  it,  this  became  luminous  *.  This  is  probably 
owing  to  the  tenuity  of  aeriform  fluids,  whence  they 
present  too  few  points  in  a  given  space  to  project  a  quan- 
tity of  light  sufficient  to  excite  vision,  though  their  parti- 
cles may  individually  be  in  a  state  of  ignition. 

The  phenomena  of  ignition  are  produced,  not  only  by 
the  application  of  heat,  but  likewise  by  percussion  and  at- 
trition. When  a  piece  of  steel  is  struck  against  a  flint, 
small  particles  of  the  metal  are  detached,  which  are  at  a 
red  heat.  Or  if  various  hard  minerals  be  made  to  rub 
strongly  against  each  other,  they  give  out  light.  By  ap- 
plying, for  example,  quartz  or  agate  to  the  circumference 
of  a  wheel  of  fine  grit,  revolving  at  a  moderate  rate,  Mr 
Wedgwood  observed,  that  the  substance  applied  became 
brightly  red  even  in  day-light,  at  the  touching  part ;  if 
the  wheel  revolved  at  a  quicker  rate,  the  part  in  contact 
emitted  a  pure  white  light ;  and  in  both  cases,  glowing 
sparks  were  continually  emitted,  some  of  which  were  not 
extinguished  before  they  had  passed  a  foot  through  the 
air.  They  exploded  gunpowder  and  inflammable  air,  and 
burnt  the  skin,  a  sufficient  proof  that  they  were  not 


*  Philoaoph.  Trans.  1792. 
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merely  luminous  or  phosphorescent,  but  ignited,  or  at  . 
red  heat.    In  the  same  mode,  glass  and  porcelain  were 
raised  to  a  red  heat.    These  appearances  from  attrition, 
are  probably  to  be  ascribed  to  the  heat  which  is  excited, 
rising  sulEciently  high  to  extricate  their  light,  as  tli 
same  bodies  become  luminous  when  directly  heated,  and 
as  the  same  appearances  are  not  produced  in  substanc 
which  are  soft,  these  not  having  their  temperature  raised 
by  attrition  *. 

On  the  cause  of  ignition  different  opinions  are  enter- 
tained, and  the  question  is  not  yet  determined.  Those 
who  suppose  light  and  caloric  to  be  modifications  of  the 
same  substance,  and  to  be  mutually  convertible,  regard 
the  phenomena  of  ignition  as  arising  from  the  conversion 
of  caloric  into  light, — an  hypothesis,  as  I  shall  afterwards 
have  to  shew,  extremely  improbable.  Others  have  sup- 
posed, that  the  light  extricated  is  a  constituent  principle 
of  the  ignited  body,  and  is  expelled  by  the  repulsive  a- 
gency  of  caloric.  The  objection  to  this  opinion  is,  that, 
admitting  light  to  exist  in  incombustible  bodies,  as  indeed 
we  know  from  the  phenomena  of  phosphorescence  that 
it  does,  yet  it  must  be  contained  in  them  in  limited  quan- 
tity, and  therefore  its  emission  in  ignition  should  gradu- 
ally diminish,  and  at  length  cease.  Perhaps  it  is  neces- 
sary to  separate  the  causes  by  which  ignition  is  effected, 
in  the  consideration  of  its  theory.  When  it  is  excited  by 
communication  with  a  hot  body,  it  probably  receives 
from  that  body  the  light  as  well  as  the  caloric.  If 
placed,  for  example,  amid  burning  fuel,  both  light  and 
caloric  are  evolved  from  the  combustion  ;  the  ignited 
body  is  penetrated  with  caloric,  which  it  is  also  giving 

*  Philosoph.  Trans,  for  1792,  p.  39. 


lONlTIOX.  245 

our,  and  that  too  under  the  form  of  rays,  or  radiant  calo- 
ric ;  it  is  equally  exposed  to  the  light  from  the  combus- 
tion j  we  may  suppose  it  at  that  high  temperature  to  be 
penetrated  with  it  also,  and  to  throw  it  off  from  its  sur- 
face. Even  when  removed  from  the  fuel,  it  will  con- 
tinue to  emit  both,  thongh  the  supply  being  cut  off,  the 
emission  of  light  ceases  in  a  very  short  time,  and  that  of 
caloric  gradually  diminishes.  The  experiment  of  Wedg- 
,wood,  in  which  ignition  was  excited  by  applying  to  the 
body  a  stream  of  air  highly  heated,  but  not  luminous, 
may  be  supposed  adverse  to  this  explanation  j  but  I  shall 
afterwards,  in  the  consideration  of  the  question,  with  re- 
gard to  the  identity  of  light  and  caloric,  have  to  prove 
that  it  is  easily  reconciled  with  it,  as  the  heated  air, 
though  not  luminous  from  the  cause  which  has  been  al- 
ready stated, — its  great  tenuity  may  still  have  conveyed 
light.  With  regard  to  the  production  of  ignition  by  attri- 
tion, the  same  difficulty  will  be  found  in  accounting  for 
the  evolution  of  caloric  as  for  the  evolution  of  light.  It 
is  not  proved  that  ignition  can  in  this  case  be  kept  up  for 
an  indefinite  time,  as  it  can  by  communication  with  mat- 
ter in  a  state  of  combustion  ;  and  the  light  which  does 
appear  may  perhaps  be  the  light  contained  in  the  body, 
expelled  by  the  high  temperature  which  the  friction  or 
percussion  excites.  At  the  same  time,  it  is  to  be  re- 
marked, that  with  regard  to  the  excitation  of  all  these 
subtle  principles  or  forces,  caloric,  light  and  galvanism, 
there  are  difficulties  of  which  the  present  state  of  our 
i:nowledge  probably  does  not  enable  us  to  give  a  satisfac- 
tory solution. 
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The  efFects  of  caloric  in  causing  chemical  combinatlonj 
-and  decompositions  have  been  already  explained  under  the 
doctrines  of  Chemical  Attraction,  and  they  cannot  indeed 
be  considered  as  a  primary  result  of  its  operation,  but  as 
arising  from  the  expansion  it  occasions  ;  which,  by  weak- 
enmg  the  attraction  of  cohesion  in  some  cases,  favours 
combination  ;  and  in  others,  by  increasing  elasticity,  coun- 
teracts it,  and  acting  unequally  on  the  elements  of  a 
compound,  separates  them  from  each  other,  or  gives' rise 
to  its  decomposition. 


SECT.  ilL — Of  the  Cominunication  of  Caloric. 

When  bodies  at  different  temperatures  are  placed  in 
contact,  either  directly,  or  by  the  medium  of  some  other 
substance,  those  which  are  at  a  higher  temperature  part 
,  with  caloric  to  those  which  are  at  a  lower ;  and  this  reci- 
procal emission  and  absorption  continue  until  a  common 
temperature  is  formed.  This  fact  is  extremely  familiar. 
If  a  body  be  highly  heated,  it  is  impossible  to  preserve  it 
in  that  state;  however  we  may  place  it,  it  will  immediate- 
ly, when  removed  from  the  source  of  caloric,  begin  to  give 
out  the  heat  it  had  received,  and  it  will  continue  to  do  so 
until  it  is  at  the  same  temperature  with  the  bodies  around 
it:  or  if  we  have  a  body  which  has  been  rendered  intense- 
ly cold,  it  is  equally  impossible  for  us  to  preserve  it  so  ; 
it  will  imbibe  c.iloric  from  the  surrounding  matter,  until 
it  has  attained  an  equality  of  temperature.  These  changes 
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may  happen  among  different  bodies,  and  under  different 
circumstances,  with  different  degrees  of  celerity,  but  they 
always  take  place,  and  to  any  extent,  until  a  common  tem- 
perature is  established.  The  caloric  in  each  body  then 
becomes  quiescent. 

•  This  tendency  of  caloric  to  an  equilibrium  of  tempera- 
ture seems  in  a  great  measure  to  arise  from  its  repulsive 
j^ower.    When  a  hot  body  is  pbced  among  others  that 
ire  colder,  the  excess  of  caloric  in  the  former  leaves  it, 
not  so  much  from  any  attraction  exerted  to  it  by  the  other 
bodies,  as  from  the  tendency  of  caloric  to  exist  everywhere 
in  what  has  been  termed  an  equality  of  tension  or  repul- 
oion.    The  proof  of  this  is,  that  a  body  at  a  high  tempe- 
rature, placed  in  the  Torricellian  vacuum,  will  have  its 
temperature  gradually  reduced,  the  caloric  emanating  un- 
til it  arrive  at  an  equilibrium  with  that  in  the  surrounding 
bodies.    Yet  the  distribution  of  caloric  cannot  be  ascrib- 
ed entirely  to  this  cause.  It  is  not  to  be  considered  as  an 
highly  elastic  fluid,  retained  in  bodies  only  by  the  resis- 
tance opposed  to  its  escape,  from  the  equality  of  tension 
in  which  it  exists  at  the  same  time  in  the  surrounding 
matter  ;  for  were  it  so,  it  ought  to  escape  from,  or  enter 
different  bodies,  if  they  were  at  the  same  temperature,  and 
exposed  to  the  same  medium,  with  equal  celerity.  We 
find  this,  however,  not  the  case;  and  the  influence  of  the 
contiguous  matter  on  the  change  of  temperature  is  even 
considerable.   A  body  will  be  either  heated  or  cooled  fas- 
ter when  in  contact  w'th  any  m;'terial  medium  than  when 
in  vacuo,  and  will  suffer  these  clianges  with'very  different 
celerities  when  in  contact  with  different  kinds  of  matter. 
A  thermometer  at  a  high  temperature  will  he  cooled  more 
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quickly  if  plunged  in  water  than  if  suspended  in  atmot 
pheric  air,  and  still  more  so  if  plunged  in  quicksilver  than 
in  water.  And,  on  the  other  hand,  if  at  a  low  tempera- 
ture, it  will  be  heated  much  faster  in  the  quicksilver  than 
in  the  water,  and  in  the  water  than  in  the  atmospheric  air, 
though  the  temperatures  of  all  these  may  have  been  pre- 
viously the  same. 

From  an  attentive  examination  of  these  phenomena,  it 
has  been  discovered,  that  this  propagation  of  caloric  over 
matter  takes  place  in  two  modes.  Of  the  caloric  emanat- 
ed from  a  body  at  a  high  temperature,  part  appears  to  be 
projected  from  its  surface  in  right  lines  with  great  veloci- 
ty ;  and  another  portion  is  communicated  more  slowly  to 
the  matter  which  is  directly  in  contact  with  it,  is  conduct- 
ed through  that  matter  from  one  particle  to  another,  and 
is  given  in  like  manner  from  it  to  other  bodies,  with  a 
celerity  greater  or  less,  but  always  comparatively  mode- 
rate. The  former  is  little  if  at  all  dependent  on  the  na- 
ture  of  the  surrounding  medium,  at  least  if  it  be  an  elas- 
tic one,  while  the  latter  is  materially  influenced  by  it. 
The  distribution  of  caloric  may  be  considered  under  these 
two  modes — of  Radiation  and  of  Slow  Communication. 

SLOW  COMMUNICATION  OF  CALORIC 

Bodies  in  contact  with  each  other  attain  a  common 
temperature,  by  the  hotter  communicating  the  necessary 
proportion  of  the  excess  of  its  caloric  to  the  colder.  The 
celerity  of  this  communication  is  different  in  difFerent 
bodies,  some  being  quickly  heated,  and  as  quickly  cooled  ; 
others  undergoing  these  changes  much  more  slowly.  If 
a  number  of  bodies  be  exposed  to  a  common  source  of 
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e.aloric,  they  will  receive  it,  and  will  all  at  length  arrive  at 
a  common  temperature  ;  but  some  will  do  so  much  more 
quickly  than  others  ;  and  if,  after  they  have  attained  this 
common  temperature,  they  be  removed  from  the  source 
Whence  they  received  caloric,  the  same  <lifference  will  be 
observable  in  the  celerity  with  which  their  temperatures 
fall.  Each  body  always  receives  and  parts  with  caloric 
with  the  same  celerity  ;  and  therefore  those  which  are 
niost  quickiy  heated  will  be  also  most  quickly  cooled. 

This  permeability  of  bodies  to  caloric,  or  the  property 
by  which  they  receive  and  part  with  it  when  in  commu- 
nication with  others  at  a  different  temperature,  is  termed 
their  Conducting  Power.  Those  which  receive  and  part 
with  caloric  quickly,  in  other  words,  which  have  their 
temperature  quickly  altered  by  communication  with  hot 
or  cold  bodies,  are  said  to  be  better  conductors  of  caloric 
than  those  which  receive  and  part  with  it  more  slowly. 

The  difference  in  conducting  power  in  different  bodies 
is  extremely  obvious.  If  a  rod  of  iron  and  a  rod  of  glass 
be  held  in  the  hand,  the  extremity  of  each  being  put  into 
a  common  fire,  the  caloric  will  be  propagated  so  quickly 
through  the  iron  rod,,  that  the  hand  will  soon  be  unable 
to  retain  it ;  while  the  glass  rod  may  be  held  for  any 
length  of  time.  Or  an  earthen  vessel,  containing  water, 
nearly  boiling  hot,  may  be  easily  held  in  the  hand  for  a 
considerable  time,  while  a  metallic  vessel,  containing  water 
at  the  same  temperature,  can  scarcely  be  touched.  The 
same  difference  is  conspicuous  in  other  bodies ;  and 
scarcely  two  agree  in  the  facility  with  which  they  permit 
caloric  to  penetrate  their  substance. 

It  may,  in  general,  be  remarked,  tlut  dense  bodies  are 
the  best  conductors  of  caloric  ;  and  that  those  which  are 
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more  rare  and  spongy,  conduct  it  very  imperfectly.  The 
metals  which  are  the  substances  of  greatest  density,  are 
'those  which  transmit  it  most  rapidly  ;  earthy  substances 
conduct  it  moie  slowly  ;  wood  is  a  very  imperfect  con- 
ductor, and  the  spongy  materials  which  form  the  covering 
of  animals,  hair,  fur,  feathers,  &c.  are  inferior  to  every 
other  solid  matter  in  their  conducting  power.  Even  the 
same  kind  of  matter,  in  its  different  states  of  aggregation, 
differs  in  this  property.  An  iron  bar,  or  an  iron  plate, 
Count  Rumford  remarks,  is  a  better  conductor  than  iron 
filings,  and  saw-dust  is  a  worse  conductor  than  wood. 

Richman  made  some  experiments  on  the  conducting 
power  of  various  metals,  with  the  view  of  discovering 
whether  any  relation  could  be  traced  between  it  and  some 
of  the  other  properties  of  bodies,  with  which  it  had  been 
supposed  to  be  connected.  His  experiments  were  per- 
formed by  taking  hollow  balls  of  the  metals,  which  re- 
ceived and  Inclosed  the  bulb  of  a  mercurial  thermometer. 
The  balls  were  plunged  into  boiling  water,  until  the 
thermometer  in  each  rose  to  the  same  point.  They 
were  then  removed,  and  exposed  to  the  atmosphere,  and 
the  time  which  elapsed  while  the  inclosed  thermometer 
cooled  ti  certain  number  of  degrees,  was  marked.  The 
balls  being  equal  to  each  other,  the  relative  conducting 
power  was  thus  ascertained  by  the  times  of  cooling.  A- 
mong  the  metals  subjected  to  examination,  brass  and  cop- 
per appeared  to  have  the  greatest  power  of  retaining  cal- 
oric, and  were  equal  to  each  other ;  next  to  these  was 
iron  ;  then  tin ;  and  lead  appeared,  to  use  Richman's 
phrase,  to  have  the  least  power  of  retaining  heat,  the 
decrements  of  temperature  in  all  of  them  being  in  the  fol- 
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lowing  propoTtlons :  brass  10;  copper  10;  iron  11; 
tin  17  ;  lead  25. 

With  regard  to  the  general  object  of  his  experiments, 
Richman  inferred,  that  the  decrements  and  increments 
of  temperature  in  these  bodies,  are  not  in  the  inverse 
ratio  of  their  density,  of  their  cohesion,  or  of  their  hard- 
ness, or  in  any  compound  ratio  of  these  *,  and,  of  course, 
can  be  discovered  only  by  experiment. 

Ingenhouz,  by  a  different  mode  of  experiment,  endea- 
voured to  determine  the  relative  conducting  powers  of  a 
number  of  the  metals.  Selecting  rods,  or  rather  fine 
wires,  of  the  same  diameter,  they  were  plunged  into  the 
same  quantity  of  melted  wax,  to  the  depth  of  eight  inches  ; 
in  withdrawing  them,  each  was  thus  covered  with  a  coat- 
ing of  wax.  When  cold,  they  were  plunged  into  heated 
oil,  to  the  depth  of  about  two  inches.  On  withdrawing 
them,  the  length  of  wax-coating  melted  shewed  the  ex- 
tent to  which  the  heat  had  penetrated  the  metal,  and,  by 
this,  their  relative  conducting  powers.  Silver  he  found 
to  be  the  best  conductor,  gold  held  the  second  place, 
tin  and  copper  were  next,  being  nearly  equal ;  next 
to  these  were  platina,  steel,  iron,  and  lead,  which  did 
not  differ  much  ;  lead,  however,  was  evidently  the  worst 
conductor  f. 

We  perceive  from  this  table,  that  although  density  it 
favourable  to  the  transmission  of  caloric  through  bodies, 
yet  the  conducting  power  is  not  precisely  as  the  density; 
copper  and  tin,  which  are  much  lighter  than  platina  and  ' 
lead,  being  better  conductors.    The  experiments  of  In* 

*  Comment.  Petropol.  t,  iv.  p.  241. 
t  Journal  de  Physique,  t.  xxxiv.  p.  6S. 
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genhouz,  though  they  cannot  be  regarded  as  perfectly  ac- 
curate, are  superior  to  Richman's,  as,  in  the  latter,  the 
discharge  of  caloric  by  radiation  is  not  separated  from 
that  by  communication. 

No  accurate  experiments  have  been  made  on  mineral 
substances  as  to  their  conducting  powers.  Meyer  has 
made  some  experiments  on  the  conducting  powers  of 
different  woods.  He  formed  solid  balls  of  them,  of  equal 
diameter,  and  made  a  cylindrical  cavity  in  one  side,  which 
penetrated  to  the  centre,  and  in  which  the  bulb  of  a  ther- 
mometer was  introduced,  the  cavity  being  filled  up  with 
dust  of  the  wood  of  which  the  ball  was  framed.  Prepared 
in  this  way,  they  were  successively  heated,  until  the  ther- 
mometer in  the  centre  indicated  a  certain  temperature ; 
the  ball  was  then  suspended  in  an  atmosphere,  the  tem- 
perature of  which,  of  course,  in  the  different  experiments, 
was  the  same  ;  the  time  requisite  for  its  descent  a  cer- 
tain number  of  degrees,  was  marked,  and  thus  the  con- 
ducting powers  could  be  compared.  The  following  ta- 
ble exhibits  the  comparative  conducting  powers  of  the 
different  kinds  of  wood,  stating  that  of  elm  at  1000. 


Elm, 

1000 

Spruce-fir, 

1196 

Pedunculated  oak. 

1003 

Birch, 

1047 

Apple-tree, 

841 

Alder, 

1182 

Pitch-pine, 

1152 

Scotch-fir, 

1189 

Pear-tree, 

1022 

Sessile-leaved  oak. 

1117 

Ebony, 

667 

Beech, 

987 

Ash, 

94.6 

Lime-tree, 

1198 

Horn-beam, 

992 

Plum-tree, 

99 

*  Annales  de  Chimie,  t.  xxx.  p.  39. 
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In  such  experiments,  however,  there  are  some  sources 
of  fallacy,  which  render  the  results  doubtful.  The  com- 
munication or  abstraction  of  caloric  by  radiation,  as  has 
been  observed,  has  not  been  sufficiently  distinguished 
from  that  by  slow  communication  ;  and  due  attention  has 
not  always  been  paid  to  the  quantities  of  caloric  requisite 
to  produce  changes  of  temperature  in  different  bodies. 
This  last  circumstance  has  been  remarked  by  Humboldt, 
who  has  given  a  table  of  the  conducting  powers  of  a  num- 
ber of  bodies,  in  the  Journal  de  Physique^  t.  xliii.  p.  306. 
It  appears,  however,  to  be  so  inaccurate,  and  to  contain 
such  discordant  results,  that  no  confidence  can  be  placed 
in  it. 

*  Count  Rumford,  with  the  view  of  discovering  the  re- 
lative degrees  of  warmth  of  the  different  articles  of  cloth- 
ing, made  experiments  on  the  substances  of  which  they 
are  composed.  The  method  he  followed  was,  to  suspend 
a  thermometer  in  a  cylindrical  glass  tube,  the  extremity  of 
which  had  been  blown  to  a  globe,  inch  in  diameter, 
the  bulb  of  the  thermometer  being  in  the  centre  of  the 
globe.  It  was  then  surrounded  with  the  substance,  the 
conducting  power  of  vi^hich  was  to  be  determined.  The 
instrument  thus  prepared  was  heated  in  boiling  water, 
and  afterwards  being  plunged  into  a  mixture  of  pounded 
ice  and  water,  the  times  of  cooling  were  observed  *. 

Having  ascertained  the  time  that  was  requisite  for  the 
thermometer  cooling,  a  certain  extent  of  the  thermome- 
trical  scale,  when  surrounded  with  air,  he  repeated  the 


)*         '   '   .  ™  

*  Essays  by  (Jgunt  Rumford,  vol.  ii.  p.  428. 
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experiment  with  the  following  substances,  raw  silk,  wool, 
cotton,  linen  in  the  form  of  the  finest  lint,  the  finest  part 
bf  the  fur  of  the  beaver,  the  finest  part  of  the  fur  of  a 
white  Russian  hare,  and  eider  down  ;  16  grains  of  each 
of  these  being  successively  introduced  into  the  globe  of 
the  instrument.  The  following  are  the  results ;  the  num- 
ber of  seconds  being  marked,  during  which  the  thermo- 
ter  cooled  60  degrees,  or  from  70"  to  ICjof  the  scale  of 
Reaumur.    Air,  576";  raw  silk,  1284";  wool,  1118"; 
cotton,  1046";  fine  lint,  1032";  beaver's  fur,  1296"; 
hare's  fur,  1315"  ;  eider  down,  1305".  The  relative  con- 
ducting powers  are  thus  shewn,  being  inversely  as  the 
times  of  cooling  ;  hare's  fur  and  eider  down  are  the  worst 
conductors,  lint  the  best.    The  same  experiment  was  re- 
peated with  fine  powder  of  charcoal,  lamp-black,  and 
pure  dry  wood  ashes.  The  total  times  of  cooling  of  these, 
through  the  same  extent  of  the  thermometrical  scale, 
marked  in  seconds,  was  for  the  charcoal  937",  the  lamp- 
black 1171",  and  the  wood-ashes  927". 

It  appeared  to  Count  Rumford,  that  the  relative  con- 
ducting powers  of  these  substances  are  owing  to  the  quan- 
tities of  air  inclosed  their  interstices,  and  to  the  force 
of  attraction  by  which  this  air  is  retained  or  confined. 
There  can  be  little  doubt,  from  observations  I  have  after- 
wards to  state,  that  air,  when  the  motion  of  its  parts  is 
prevented,  is  a  very  imperfect  conductor  of  caloric.  If 
the  imperfect  conducting  power  of  these  substances,  de- 
pended entirely  on  the  difHculty  with  which  caloric  pass- 
es through  their  solid  matter,  then  the  relative  degree  of 
that  power,  would  be  as  the  quantity  of  that  matter. 
•Precisely  the  reverse,  however,  is  the  case.  Count  Rum- 
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ford  found,  that  by  varying  the  state  or  arrangement  of 
the  same  quantity  of  the  same  solid  matter,  the  conduct- 
ing power  was  considerably  varied.  The  thermometer 
being  surrounded  with  16  grains  of  raw  silk,'the  times  of 
cooimg  from  70*  to  lO*'  of  Reaumur  amounted  to  V284>"  ; 
with  ravellings  of  tafl"ety  16  grains,  1169"  j  and  with  sew- 
ing silk  cut  16  grains,  917".  H-ere  it  was  obviousj  that 
the  more  dense  the  same  matter  was,  or  the  less  air  it  con- 
tained,  uniformly  diffused  t^hrough  its  interstices,  the  ca- 
loric passed  with  more  celerity. 

It  is  evident  al^o,  that  the  air  remaining  in  the  globe, 
in  these  experiments,  if  the  motion  of  its  parts  had  not 
been  impeded,  would  have  been  suflicient  of  itself  to 
have  carried  off  the  caloric  much  more  quickly  than  it  ac- 
tually was.  From  the  specific  gravity  of  raw  silk,  it  is 
shewn  by  Count  Rumford,  that  the  16  grains  of  it  in  the 
globe,  did  not  occupy  more  than  -^jth  part  of  the  space 
in  which  it  was  confined,  the  rest  of  that  space  being 
filled  with  air.  When  the  thermometer  was  surrounded 
merely  with  air,  the  time  taken  in  cooling  from  70° 
to  10°  of  Reaumur  was  576  seconds;  but  when  sur- 
rounded with  raw  silk,  (the  space  occupied  by  the  solid 
matter  of  that  silk  being  I,  and  by  the  air  involved  in  it 
-  54,),  the  time  of  cooling  was  1284".  Suppose,  therefore, 
the  matter  of  this  silk  to  be  even  altogether  incapable  of 
conducting  caloric,  unless  it  had  had  some  effect  in  pre- 
venting the  air  from  carrying  it  off,  its  presence  in  the 
globe  could  only  have  prolonged  the  time  of  cooling,  in 
proportion  to  the  quantity  of  the  air  it  had  displaced,  to 
the  quantity  remaining ;  that  is,  as  1  to  S'h,  or  a  little 
»ore  than  10  seconds.    But  the  time  of  cooling  was  ac- 
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tually  prolonged  70S  seconds  ;  and  hence  it  Is  obvious, 
that  the  sillc  had  greatly  diminished  the  power  which  the 
air  had,  of  carrying  caloric  from^the  heated  thermometer. 
The  mere  mechanical  intermixture  of  the  fibres  of  silk, 
or  similar  substances,  cannot  alter  the  real  conducting 
power  of  the  air,  or  the  property  it  has  of  communicat- 
ing caloric  from  particle. to  particle,  and  their  agency 
must  therefore  be  referred  to  their  power  of  impeding  the 
motions  of  the  mass  of  air  by  which  the  cooling  of  any 
body  in  contact  with  it  is  so  much  facilitated. 

It  is  to  be  observed,  however,  that  another  circum- 
stance must  have  operated  in  these  experiments,  and  re- 
tarded the  cooling  of  the  thermometer.  When  a  hot 
body  is  suspended  in  air,  the  radiation  of  caloric  from  it, 
by  which  its  temperature  is  in  part  reduced,  meets  with 
no  interruption  ;  but  any  solid  matter  interrupts  the  cal- 
orific rays,  and  retains  them.  Hence  the  thermometer, 
when  thus  surrounded  with  the  fibres  of  silk,  would  have 
its  temperature  more  slowly  reduced  from  this  cause,  or 
the  caloric  would  escape  more  slowly,  than  when  it  was 
merely  suspended  in  air. 

There  appears  to  be  sufficient  reason,  from  these  ex- 
periments,, to  infer,  that  the  imperfect  conducting  power 
of  these  substances  will  be  proportioned  to  their  spongi- 
ness,  or  the  quantity  of  air  they  contain  in  their  inter- 
stices, and  the  force  of  attraction  with  which  that  air  is 
retained.  That  such  an  attraction  exists,  appears  from 
the  force  with  which  they  retain  the  air,  which  adheres 
.to  them  even  when  immersed  in  water,  or  exposed  under 
the  exhausted  receiver  of  the  air-pump. 

It  is  to  this  cause  principally,  that  the  property  which 
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all  light  porous  bodies,  such  as  furs,  feathers,  wool  and 
down,  have  of  retarding  the  passage  of  caloric,  is  owing ; 
and  hence  they  form  the  warmest  articles  of  clothing. 
On  this  also  depends  the  imperfect  conducting  power  of 
snow,  which,  in  consequence  of  it,  serves  the  important 
purpose  of  protecting  vegetables  from  the  severe  winter 
cold. 

When  we  wish  to  confine  caloric,  we  avail  ourselves 
of  this  diflFerence  in  conducting  power,  and  employ  sub- 
stances which  are  imperfect  conductors.  Thus  furnaces 
are  coated  with  a  mixture  of  clay  and  sand,  to  prevent 
the  dissipation  of  heat.  To  exclude  caloric,  or  to  prevent 
it  from  being  communicated  to  a  body  from  the  surround- 
ing medium,  the  same  method  must  be  employed, — sur- 
rounding the  body  with  an  imperfect  conducting  sub- 
.stance.    On  this  principle  ice-houses  are  constructed. 

From  the  difference  among  bodies,  in  their  power  of 
conducting  caloric,  arise  the  differences  in  the  sensations 
of  heat  and  cold,  which  they  excite  when  applied  to  our 
organs,  though  the  thermometer  shews  that  they  are  at 
the  same  temperature.  The  sensation  of  cold  is  produced 
by  whatever  abstracts  caloric  from  the  part  to  which  it 
has  been  applied  ;  and  of  two  bodies  at  the  same  tempera- 
ture, the  one,  which  is  the  best  conductor  of  caloric,  will 
abstract  it  most  rapidly,  and  therefore  occasion  a  more 
intense  sensation  of  cold.  The  sensation  of  heat  is  pro- 
duced, when  caloric  is  communicated  to  the  sentient  part ; 
that  body,  which  is  the  best  conductor,  will  communicate 
a  larger  quantity  in  a  given  time,  and  therefore,  when 
applied  hot,  will  excite  a  greater  sensation  of  heat  than 
another  will- do  at  the  same  temperature,  which  is  a  less 
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perfect  conductor.  Hence,  a  piece  of  metal,  at  a  low 
temperature,  feels  colder  than  a  piece  of  wood,  though- 
their  temperatures  are  proved  to  be  the  same  by  the  ther- 
mometer j  and,  on  the  contrary,  it  will  at  a  high  tempera- 
ture feel  hotter  than  the  other. 

The  preceding  observations  are  applicable  only  to  the 
conducting  power  of  substances  in  the  solid  form.  With 
regard  to  liquids,  the  mode  in  which  caloric  is  distributed 
through  their  substance,  so  as  to  establish  uniformity  of 
temperature,  is  in  part  different,  and  Count  Rumford  ad-, 
vanced  the  opinion,  that  they  are  even  perfect  non-con- 
ductors, or  altogether  impermeable  to  this  power. 

When  caloric  is  distributed  over  any  mass  of  matter, 
we  conceive  of  it  as  passing  from  one  particle  to  another  ; 
and  this  constitutes  what  is  termed  the  conducting  power, 
this  being  more  or  less  perfect,  as  the  transmission  of  the 
caloric  is  more  or  less  rapid.  In  this  vi^ay,  it  was  always 
imagined,  that  caloric  might  be  distributed  through  liquids 
as  well  as  solids ;  at  the  same  time,  it  was  obvious,  that 
the  diffusion  of  caloric  through  a  mass  of  liquid  was  ef-' 
fected,  partly  at  least,  in  another  mode.  The  fluid,  when 
heated,  being  expanded,  has  its  specific  gravity  diminish- 
ed ;  from  its  mobility,  the  heated  portion  must  rise  to  the 
surface  of  the  mass ;  a  new  portion  of  fluid  will  come  in 
contact  with  the  part  from  which  caloric  is  communi- 
cated, be  heated,  and  rise  in  its  turn  ;  and  thus  the  whole 
portion  of  fluid  is  brought  successively  into  contact  with 
that  part ;  and  these  motions  must  continue,  as  long  as- 
caloric  continues  to  be  communicated. 
In  both  these  modes,  caloric  was  conceived  to  be  diffused 
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through  any  mass  of  fluid,  so  as  to  raise  its  temperature. 
The  portion  immediately  heated,  being  expanded,  rises  to 
the  surface ;  in  its  ascent,  it  was  supposed  to  communi- 
cate part  at  least  of  the  caloric  it  had  received,  to  the 
particles  with  which  it  came  in  contact,  and  thus  the 
'temperature  of  the  whole  would  be  raised  more  quickly, 
than  if  the  caloric  were  distributed  merely  by  the  succes- 
sive application  of  different  portions  of  -the  fluid  to  the 
heated  surface.  It  was  also  supposed,  that  fluids  differ  in 
their  conducting  power,  and  experiments  were  instituted 
to  ascertain  these  differences. 

In  opposition  to  this  opinion,  so  conformable  to  whaC 
we  know  of  the  relations  of  caloric  to  matter,  Count 
Rumford  some  years  ago  advanced  the  doctrine,  that  ca- 
loric is  diffused  over  any  mass  of  fluid  in  one  of  these 
modes  only, — by  circulation,  or  the  motion  and  successive 
application  of  the  fluid  to  the  surface  from  which  the  ca- 
loric is  communicated  ;  and  that  the  portion  which  is 
heated,  imparts  none  of  its  caloric  to  the  rest  of  the  mass 
through  which  it  ascends.  "  Although,"  says  he,  "  the 
"  particles  of  any  fluid  individually  can  receive  heat  from 
"  other  bodies,  or  communicate  it  to  them ;  yet,  among 
"  these  particles  themselves,  all  interchange  and  commu- 
*'  nication  of  heat  is  absolutely  impossible." 

He  was  led  to  form  this  opinion,  from  having  from 
time  to  time  made  several  observations  on  the  slowness 
with  which  caloric  is  distributed  through  fluids,  when 
the  motions  of  their  parts  are  impeded ;  and  his  opinion 
was  confirmed,  by  an  accidental  observation  of  an  experi- 
ment, in  which  the  motions  of  a  fluid,  during  change  of 
temperature,  were  strikingly  displayed.    A  large  spirit 
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thermometer,  in  which  some  fine  particles  of  dust  had 
been  accidentally  mixed  with  the  fluid,  had  been  placed 
in  a  situatioti  in  which  it  was  exposed  to  the  light  of  the 
sun  J  these  particles,  rendered  more  visible  by  this  illu- 
mination, were  observed  moving  with  great  rapidity  in 
the  tube  of  the  thermometer ;  one  current  rose  in  the 
axis  of  the  tube,  and  another  descended  by  its  sides,  a 
direction  evidently  owing  to  the  heated  particles  going  in- 
dividually, and  in  succession,  to  give  their  heat  to  the 
cold  sides  of  the  tube,  and  shewing  the  currents  which 
are  formed  in  a  fluid  while  sufi^ering  change  of  tempera- 
ture. Count  Rumford  *  imitated  this  accidental  experi- 
ment, by  diffusing  in  water  a  quantity  of  amber,  in  small 
fragments;  increasing  the  specific  gravity  of  the  water, 
by  dissolving  a  little  potassa  in  it,  until  the  fragments 
floated  indifferently  in  any  part  of  it,  and  then  applying 
heat,  when,  as  might  have  been  foreseen,  currents  were 
formed,  from  the  change  in  specific  gravity  of  the  heated 
portion  of  the  fluid,  and  Were  rendered  evident  by  the 
motion  of  the  fragments  of  amber  the  ascending  current, 
as  in  the  ^preceding  experiment,  occupying  principally 
the  axis  of  the  vessel,  and  the  descending  currents  being 
towards  the  sid^s,  as  there  the  temperature  of  the  fluid 
was  reduced  by  the  transmission  of  caloric  to  the  exter- 
nal air. 

It  is  siffficiently  evident,  however,  that  although  such 
experiments  demonstrate  that  currents  take  place  in  a  fluid 
which  is  heating ;  and  although  they  establish,  what  no 
one  ever  doubted,  that  the  fluid  must  have  its  temperature 
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raised  in  part  by  the  different  portions  of  it  coming  suc- 
cessively into  contact  with  the  part  through  which  the  ca- 
loric is  communicated  ;  yet  they  are  far  from  prpving, 
that  the  fluid  is  heated  solely  in  this  mode. 

Count  Rumford,  therefore,  adduced  some  other  facts  to 
establish  this,  and  to  prove,  that  in  fluids  no  communica- 
tion of  caloric  from  particle  to  particle  takes  place.  Of 
the  greater  number  of  his  experiments  on  this  subject,  I 
conceive  it  unnecessary  now  to  give  any  detailed  account, 
but  must  refer  to  the  Essays  of  the  Author,  Vol.  II. 
Though  greatly  diversified,  there  are  few  of  them  but 
what  are  obviously  inconclusive.  Thus  a  series  is  given, 
in  which  it  is  shewn,  that  when  the  motions  of  a  fluid  are 
impeded,  by  dissolving  in  it  any  substance  which  renders 
it  viscid,  or  by  intermixing  with  it  any  imperfect  conduct- 
ing solid,  the  transmission  of  caloric  through  it  is  render- 
ed very  slow.  But  it  is  obvious,  that  this  affords  no  proof, 
that  fluids  are  non-conductors.  No  one  can  doubt  but 
that  the  temperature  of  a  fluid  is  rendered  uniforA,^  rri 
some  measure,  by  the  motions  of  its  parts.  The  question 
is,  is  this  the  sole  cause and  such  experiments  as  those 
now  stated  cannot  establish  this,  since  the  difl'usion  of 
temperature  over  the  mass  of  fluid,  though  rendered 
slower,  still  took  place.  In  another  series  of  experiments, 
it  is  attempted  to  be  established,  that  caloric  is  not  con- 
veyed downwards  through  a  fluid,  and  had  this  been  made 
out,  the  opinion  would  have  been  estabhshed  ;  for  if  a 
fluid  be  capable  of  communicating  caloric  from  particle 
to  particle,  it  ought  to  be  transmitted  through  it  in  every 
direction ;  while,  if  the  reverse  is  true,  as  no  descending 
heated  curreflt  can  be  formed,  heat  applied  to  the  surface 
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ought  not  to  be  conveyed  downwards.  But  these  expe- 
riments are  still  equally  defective.    It  is  only  shewn,  that 

caloric  is  conveyed  downwards  very  slowly  ;  that  ice, 

for  example,  fixed  at  the  bottom  of  a  glass  jar,  with 
warm  water  above  it,  is  melted  more  than  eighty  times 
slower  than  when  it  floats  on  the  surface  of  the  water ; 
as,  in  the  latter  situation,  the  water  formed  from  the 
melting  of  the  ice,  being  denser  than  the  warm  water, 
descends,  and  allows  fresh  quantities  of  warm  water  to 
be  ap]^lied  ;  while,  in  the  former  case,  it  remains  interpo- 
sed between  the  water  and  the  ice,  at  least  until  the  tem- 
perature of  40°  is  attained,  and  prevents  this  circulation. 
Count  Rumford  even  inferred,  that  were  it  not  for  the 
partial  circulation  which  must  take  place  in  water  at  40" 
covering  ice,  from  the  circumstance,  that  the  water  in 
cooling  below  40°  becomes  lighter,  and  rises  therefore  to- 
wards the  surface,  the  ice  at  the  bottom  of  the  jar  would 
not  have  been  melted  ;  and  hence,  that  it  would  not  be 
inel^d  more  quickly  by  water  at  a  high  temperature,  than 
by  water  at  40°, — a  conclusion  which  he  endeavoured  to 
establish  by  experiment,  but  with  results  in  some  measure 
discordant,  and  requiring  so  many  allowances  for  circum- 
stances conceived  to  operate,  as  to  be  unsatisfactory.  And 
had  it  even  been  established,  it  would  not  have  been  con- 
clusive, as  has  been  justly  remarked  by  Mr  Dalton  *  ;  for 
if  caloric  is  communicated  through  fluids  principally  by 
the  motion  of  their  parts,  as  will  not  be  questioned,  wa- 
ter at  40°  is  at  a  more  favourable  temperature  for  melt- 
ing ice  than  water  at  60?  or  80°,  as,  in  the  former,  an 


*  Manchester  Memoirs,  vol.  v,  p.  S95. 


OF  CALORIC. 


263 


ascending  current  will  arise  from  the  ice  to  the  very  sur- 
face, and  a  range  of  circulation  be  established  through  the 
whole  column ;  while,  in  the  latter  case,  the  ascending 
column  will,  at  some  part  of  the  height,  meet  with  water 
of  its  own  density,  when  of  course  its  ascent  will  be  stop- 
ped, and  thus  the  range  of  circulation  will  be  compara- 
tively limited.  Hence,  it  might  be  admitted,  what  the 
general  result  of  Count  Rumford's  experiments  appear  to 
establish,  that  even  more  ice  is  melted  by  water  at  40^*, 
than  by  an  eqUal  quantity  of  water  at  a  higher  tempera- 
ture, without  the  conclusion  being  established,  that  the 
melting  of  it  is  owing  entirely  to  the  circulation  in  the 
fluid  j  and  as,  in  all  the  experiments,  the  ice  actually  did 
melt,  it  is  obvious,  that  they  cannot  prove  that  fluids  are 
non-conductors  of  caloric. 

There  is  one  experiment,  which  was  made  by  Count 
Rumford,  and  which,  as  these  sources  of  uncertainty 
were  avoided,  and  as  the  result  was  more  simple  and  de- 
cisive,  appears-to  be  more  conclusive.  Over  a  pjece  of 
ice,  frozen  in  the  bottom  of  a  cylindrical  glass  jar,  and 
having  a  small  projection  of  ice  rising  from  the  centre  of 
it,  he  poured  olive  oil  at  32",  to  the  height  of  3  inches 
above  the  surface  of  the  ice,  surrounding  the  under  part 
of  the  jai-  with  pounded  ice  and  water.  A  solid  cylinder 
of  iron,  Ij^  inch  in  diameter,  and  12  inches  long,  to  which 
a  sheath  of  thick  paper,  to  preserve  its  heat,  was  adapted, 
being  heated  to  210^  by  immersion  in  water,  was  intro- 
duced into  the  sheath,  and  suspended  in  the  jar,  in  such  ^ 
a  manner  that  the  middle  of  its  lower  extremity  was  di- 
rectly above  the  pointed  projection  of  ice,  and  distant 
from  it  only      the  of  an  inch.    Did  any  heat,  observes 
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Count  Rumford,  descend  through  the  thin  stratum  of  oi; 
which  was  interposed  between  the  hot  surface  of  the  iron, 
and  the  pointed  projection  of  ice  under  it,  it  must  be  ap- 
parent, by  the  melting  of  the  ice,  which  would  be  disco- 
vered either  by  the  diminution  of  the  height  of  the  pro- 
jection, or  by  an  alteration  of  its  form.  But  this  was 
not  the  case  ;  the  ice  did  not  appear  to  be  in  the  smallest 
degree  diminished,  or  otherwise  affected  by  the  vicinity 
of  the  hot  iron.  The  event  was  the  same  when  mercury 
was  substituted  for  oil,  the  iron  being  suspended  in  the 
mercury  at  the  distance  of  Jth  inch  from  the  projection  of 
ice. 

In  this  experiment,  without  any  apparent,  and,  un- 
doubtedly, without  any  intentional  arrangement,  the  cir- 
cumstances are  still  such  as  to  occasion  a  waste  of  heat, 
and  prevent  any  conducting  power  in  the  fluid,  if  it  did 
exist,  from  being  apparent.  Instead  of  using  only  a 
small  quantity  of  oil,  the  projection  of  ice  was  covered  to 
a  height  of  not  less  than  3  inches,  and  this  oil  was  kept 
as  nearly  as  possible  at  52°,  during  the  whole  of  the  ex- 
periment, by  being  surrounded,  to  the  height  of  one  inch 
above  the  level  of  the  ice,  by  pounded  ice  and  water. 
When  the  heated  cylinder  was  suspended  in  the  oil,  the 
portion  in  contact  with  its  sides,  and  the  thin  stratum  im- 
mediately below  its  extremity,  would  receive  caloric,  be 
expanded,  recede  of  course  from  the  ice,  and.  ascend  ;  its 
place  would  be  supplied  by  part  of  the  oil  above  at  32"  j 
and  this  circulation  would  continue  while  caloric  was  com- 
municated by  the  iron,  the  ascending  current  being  in  the 
middle,  and  the  descending  current  by  the  cold  sides  of 
the  jar.    In  consequence  of  this  circulation,  it  is  obvious 
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that  no  caloric  could  be  communicated  to  the  ice  below, 
until  the  whole  of  this  mass  of  fluid  was  heated  above 
32^.  But  when  we  consider  its  quantity,  and  that  one 
inch  of  it  was  constantly  surrounded  with  ice  and  water, 
it  fccems  not  improbable,  that  it  could  not  be  raised  much 
aboye  that  temperature,  from  the  quantity  of  caloric 
which  the  part  of  this  cylinder  of  iron  immersed  in  it 
could  communicate.  The  mode  of  detecting  the  commu- 
nication of  caloric,  by  the  melting  of  the  ice,  was  also 
very  unfavourable,  since,  in  that  operation,  a  large  quan- 
tity of  caloric  is  absorbed,  and  a  portion  of  caloric  might 
be  actually  communicated  to  the  ice,  and  yet  might  not 
be  apparent,  from  the  very  small  quantity  it  would  be 
able  to  melt. 

In  opposition  to  Count  Rumford's  opinion,  that  fluids 
are  non-conductors  of  caloric,  a  number  of  experimcnti 
have  been  made,  by  which,  I  believe,  its  fallacy  is  demon- 
strated. 

At  an  early  period,  Dr  Hope  made  some  experiments 
with  the  view  of  investigating  this  subject.  He  found, 
that  upon  applying  heat  to  the  surface  of  water  in  a  ves- 
sel 11  inches  in  diameter,  causing  at  the  same  time  a 
stream  of  water  to  circulate  on  the  outer  side  of  the  ves- 
sel at  the  same  height  as  the  surface  of  the  fluid  within 
to  obviate  the  conducting  power  of  its  sixles,  caloric  was 
conveyed  downwards,  as  was  discovered  by  the  indica- 
tions given  by  a  thermometer  beneath  ;  and  that,  on  mix- 
ing together  portions  of  hot  and  cold  water,  and  allowing 
the  mixture,  after  agitation,  to  remain  at  rest,  no  separa- 
tion took  place,  or  the  hotter  portion  of  the  fluid  dixl  not 
separate  from  the  colder  and  more  dense  part,  but  the 
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whole  retained  a  uniform  temperature ; — results  both  of 
them  inconsistent  with  Count  Rumford's  opinion  *.  Dr 
Thomson,  in  a  very  complete  series  of  experiments,  like- 
wise found  that  caloric  was  conveyed  downwards,  both 
through  water  _^and  quicksilver  when  heat  was  applied  to 
their  surface,  a  rise  of  temperature  in  various  degrees  be- 
ing indicated  by  thermometers  placed  at  different  depths  f. 
Experiments  with  a  similar  result  were  made  by  Mr  Ni- 
cholson X  ;  and  Mr  Dalton  ascertained,  by  various  experi- 
ments, the  facts — that  temperature  is  propagated  down- 
wards in  fluids,  and  that  portions  of  fluids  at  different  tem- 
peratures, mixed  together,  attain  a  common  temperature, 
which  is  preserved  ||.  In  some  experiments  which  I  had 
made  at  an  early  period,  I  likewise  found  that  a  fluid  was 
heated  downwards  when  a  hot  body  was  placed  at  its  up- 
per surface,  even  when  the  jar  containing  the  fluid  was 
surrounded  with  water  to  obviate  its  conducting  power. 

It  seemed  to  me  afterwards,  however,  that  whatever 
precaution  of  this  kind  is  taken,  we  cannot  be  certain  that 
the  source  of  fallacy  from  the  conducting  power  of  the 
vessel  is  completely  obviated.  When  heat  is  communi- 
cated to  the  surface  of  water,  or  any  other  fluid  contain- 
ed in  a  jar,  the  heated  particles  moving  towards  the  sides 
must  communicate  caloric  to  the  solid  matter,  which  will 
in  part  be  conveyed  downwards,  and  again  communicated 
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to  the  cold  water  beneath ;  the  water  expanded  must  thus 
ascend,  and  form  a  heated  current  rising  from  the  sides, 
a  descending  current  being  necessarily  formed  in  the  axis 
of  the  vessel ;  a  stratum  of  water  thus  indirectly  heated 
will  be  constantly  accumulating,  by  which  the  thermome- 
ter, sooner  or  later,  according  to  its  distance,  will  be  af- 
fected. Nor  can  this  source  of  uncertainty  be  complete- 
ly removed  by  surrounding  the  jar  externally  with  water, 
a  method  which  I  employed  in  my  first  experiments ;  for 
although  part  of  the  caloric  conveyed  downwards  by  the 
sides  of  the  vessel  will  be  abstracted  by  this  external  wa- 
ter, as  I  found  to  be  the  case  by  its  temperature  being 
raised,  yet  another  part  must  equally  be  given  to  the  fluid 
within  the  vessel  j  nor  is  it  possible  to  determine  with 
any  accuracy  what  proportions  of  the  caloric  which  the 
vessel  conveys  are  given  off  at  its  external,  and  at  its  in- 
ternal surface,  so  as  to  make  any  due  allowance  for  its  ef- 
fect in  the  experiment.  Any  other  precaution,  too,  which 
we  can  take  to  guard  against  this  source  of  inaccuracy, 
such  as  employing  a  wide  vessel,  or  interposing  a  great 
depth  of  fluid  between  the  thermometer  and  the  body 
communicating  caloric,  defeats  the  purpose  of  the  experi- 
ment itself,  since  such  precautions,  while  they  no  doubt 
lessen  the  eflFect  from  the  communication  of  caloric  by 
the  vessel,  lessen  equally  the  efi^ect  which  would  result 
from  a  conducting  power  in  the  fluid,  if  it  do  possess  it ; 
and  therefore  it  must  remain  uncertain  to  what  the  dimi- 
nished  efl^ect  which  always  takes  place  where  they  are  em- 
ployed is  to  be  ascribed. 

It  at  length  occurred  to  me,  that  this  source  of  uncer- 
tainty might  be  completely  obviated  by  a  very  simple 
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contrivance  ;  employing  a  vessel  of  ice  in  which  a  fluid 
at  32*?  should  be  placed.  Ice  cannot  possibly  have  its 
temperature  raised  above  32°  of  Fahrenheit  for  if  ca^ 
loric  be  communicated  to  it,  it  is  spent  merely  in  melting 
it.  Hence  it  cannot  communicate  any  temperature  above 
that  point,  and  of  course,  if  a  fluid  contained  in  a  vessel 
of  ice  be  heated  downwards,  by  a  hot  body  applied  to  its 
surface,  we  may  conclude  with  certainty  that  the  caloric 
has  been  conveyed  by  the  conducting  power  of  the  fluid. 

For  an  account  of  the  manner  in  which  the  experiment 
was  made,  w'ith  the  necessary  precautions,  I  must  refer 
to  the  original  memoir  *.  In  a  hollow  cylinder  of  ice,  a 
thermometer  was  placed  horizontally,  at  the  depth  of  one 
inch,  its  bulb  being  in  the  axis  of  the  cylinder,  and  the 
part  of  the  stem  to  which  the  scale  was  attached  entirely 
without.  As  water  could  not  be  employed  at  the  tempe- 
rature at  which  it  is  requisite  to  make  the  experiment  in 
this  apparatus,  on  account  of  the  property  it  possesses  of 
becoming  more  dense  in  the  rise  of  its  temperature  from 
32°  to  ^O^,  oil  was  first  used.  A  quantity  of  clear  al- 
mond oil,  at  the  temperature  of  32",  was  poured  into  the 
ice  cylinder,  so  as  to  cover  the  bulb  of  the  thermometer  f 
inch.  A  flat-bottomed  iron  cup  was  suspended,  so  as 
merely  to  touch  the  surface  of  the  oil,  and  two  ounces  of 
boiling  water  were  poured  into  it.  In  a  minute  and  a 
half,  the  thermometer  had  risen  from  32°  to  32^°  j  in  3 
minutes,  to  34^°  ;  in  5  minutes,  to  36^°  ;  in  7  minutes, 
to  37^°,  when  it  became  stationary,  and  soon  began  to 
fall.  When  more  oil  was  interposed  between  the  bottom 
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of  the  cup  and  the  bulb  of  the  thermometer,  the  rise  was 
less ;  but  even  when  its  depth  was  three  quarters  of  an 
inch,  the  rise  was  perfectly  perceptible,  amounting  to  1^ 
degree.  With  mercury  the  same  results  were  obtained, 
the  thermometer  rising  only  with  much  more  rapidity, 
from  the  mercury  being  a  better  conductor  than  the  oil. 

These  experiments  I  would  regard  as  decisive,  in  estab- 
lishing the  conducting  power  of  fluids.  The  source  of 
error  from  the  sides  of  the  vessel  is  entirely  obviated;  no 
currents  could  be  formed,  by  which  the  rise  of  the  ther- 
mometer could  be  occasioned,  nor  is  there  any  mode  in 
which  that  effect  could  have  been  produced,  but  by  the 
fluid  conducting  the  caloric  from  particle  to  particle. 

Still  we  have  every  reason  to  believe  that  fluids  are  very 
Imperfect  conductors  of  caloric,  and  that  the  distributioa 
of  caloric  through  them  is  in  a  great  measure  by  the  cir- 
culation of  their  parts;  for  we  find,  that  when  this  is  im- 
peded or  prevented,  the  communication  is  extremely  slow. 
It  has  been  stated,  as  proved  by  Count  Rumford,  that  ice 
is  melted  eighty  times  slower  when  at  the  bottom  of  a 
column  of  water,  than  when  floating  on  its  surface  ;  and, 
if  we  exclude  the  partial  circulation,  which  even  in  the 
former  case  takes  place,  from  the  increased  density  of  the 
water,  as  it  is  heated  from  32°  to  40°,  and  from  the  in- 
fluence of  the  containing  vessel,  the  difference  must  be 
still  more  considerable,  and  amply  demonstrates  the  very 
imperfect  conducting  power  of  the  fluid. 

It  is  dlflRcult  to  ascertain  with  precision  the  relative 
conducting  powers  of  different  fluids,  because  it  is  dif- 
ficult to  discover  what  proportion  their  real  conducting 
power  bears  to  that  mobility  by  which  3  more  or  less 
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rapid  circulation  of  their  parts  takes  place,  when  they  are* 
subjected  to  a  heating  or  cooling  cause,  and  by  which 
uniformity  of  temperature  through  them  is  chiefly  esta- 
blished. In  the  experiments  I  hare  stated,  mercury  ap- 
peared to  be  a  much  better  conductor  of  caloric  than  oil 
or  water,  as  the  thermometer  immprsed  in  it  rose  with 
much  greater  rapidity  when  a  hot  body  was  applied  to 
the  surface.  This  difference  is  even  conspicuous  in  the 
different  intensity  of  sensation  which  these  fluids  occa- 
sion. Count  Rumford,  in  his  early  experiments  on  the 
conducting  powers  of  bodies,  found,  that  when  the  ther- 
mometer was  surrounded  with  quicksilver,  it  required  to 
raise  it  to  a  certain  extent  of  temperature,  immersion  in 
boiling  water  for  36|  seconds,  while,  when  surrounded 
with  water,  the  time  requisite  for  raising  it  the  same  ex- 
tent was  V.51"j  or  117  seconds  *.  Hence  the  conduct- 
ing power  of  quicksilver  is  to  that  of  water,  according  to 
these  experiments,  as  y6|  to  1 17  inversely,  or  directly  as 
1000  to  313.  But  it  is  still  to  be  remarked,  that  though 
this  may  approach  to  the  real  difference  between  them  in 
conducting  power,  it  may  not  express  it  with  perfect  ac- 
curacy, as  the  rapidity  with  which  caloric  will  be  distri- 
buted through  them  must  be  proportioned,  not  only  to 
this  power,  but  must  be  dependent  also  on  the  greater 
or  less  mobility  of  the  fluid,  and  on  the  degree  of  expan- 
sion which  each  suffers  from  the  communication  of  a 
givep  quantity  of  caloric.  The  more  a  fluid  is  expanded 
by  a  given  change  of  temperature,  the  greater  will  be  the 
difference  in  specific  gravity  between  the  part  which  is 
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heated,  and  the  rest  of  the  mass;  and  the  more  rapid 
therefore  will  be  the  circulation  from  this  change  of  spe- 
cific gravity.  The  less  tenacity  or  viscosity,  also,  a  fluid 
has,  it  is  evident  its  parts  will  move  with  more  facility. 
And  it  cannot  be  doubted,  but  that  fluids  may,  and  ac- 
tually do  differ  in  these  as  well  as  in  their  conducting 
powers.  Yet,  even  allowing  for  these,  we  can  in  some 
cases  discover  the  predominance  of  the  real  conducting 
power,  though  we  may  be  unable  to  ascertain  its  extent 
with  perfect  accuracy.  Thus  quicksilver  suffers  less  ex- 
pansion from  a  given  change  of  temperature,  than  alko- 
hol  does,  and  therefore,  while  receiving  caloric,  the  in- 
ternal  circulation  of  its  parts  must  be  less  rapid,  as  there 
will  be  less  difference  of  specific  gravity  between  the  por- 
tion heated  and  that  which  is  not ;  and  we  have  no  rea- 
son to  believe  that  quicksilver  is  more  mobile  than  al- 
•kohol;  yet,  we  find  that  quicksilver  takes  the  tempera- 
ture of  the  surrounding  medium  much  more  quickly  than 
alkohol,  as  is  evident  from  the  greater  delicacy  of  the 
mercurial  than  the  spirit  thermometer.  This,  of  course, 
proves  a  superiority  in  the  proper  conducting  power. 

My  friend  Dr  Traill,  who  has  added  some  arguments 
to  those  before  stated  against  Count  Rumford's  conclu- 
sions as  to' the  non-conducting  power  of  fluids,  as  well  as 
to  the  reasoning  by  which  he  has  more  lately  endeavour- 
ed to  support  his  opinion,  has  given  some  experiments  on 
the  relative  conducting  powers  of  different  liquids,  more 
extensive  than  any  we  have.  They  were  performed  by 
ascertaining  the  times  which  were  requisite  to  raise  a  mer- 
curial thermometer,  placed  in  the  liquid  submitted  to 
trial,  3  degrees  of  Fahrenheit,  in  consequence  of  the 
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transmission  of  caloric  downwards,  from  tlie  extremity  of 
a  cylinder  of  iron,  one  inch  in  diameter,  heated  to  212", 
and  suspended  in  the  liquid  so  as  to  be  distant  from  the 
bulb  of  the  thermometer  0.5  inch,  the  vessel  being  of 
wood,  to  obviate  as  much  as  possible  any  effect  from  its 
conducting  power.  The  results  are  given  in  the  follow- 
ing table  *,  shewing  the  times  of  cooling  in  minutes  and 
seconds. 


Mercury,  -  -  -  .  C  15" 

Saturated  Solution  of  Sulphate  of  Soda,  -        6'  30" 

Water,  -  -  -  _  -         7'  5" 

Proof  Spirit,  -  -  .  .  8' nearly. 

Solution  of  Sulphate  of  Iron,  one  part  of  salt  to  five 

of  water,  -  3' 

Water  of  Potasia,       -  -        -  _  8'  15" 

Milk  of  a  Cow,  -  -  -         _         8'  25" 

Saturated  Solution  of  Sulphate  of  Alumine,  -  9'  40" 
-Transparent  Olive  Oil,  -  -  -         9'  50" 

Alkohol,  Lond.  Pharm.  -  -        -        10'  45" 

Saturated  Solution  of  Sulphate  of  Soda,  but  the  li- 
quid not  touching  the  iron  cylinder  by  0. 1  inch,  or 
nearly  sOy  -  -  -       -       -        19'  20" 


From  the  manner  of  executing  these  experiments,  no 
important  influence  can  be  ascribed  to  any  circumstance, 
independent  of  the  proper  conducting  power  of  the  li- 
quids, as  little  effect  could  be  produced  by  any  differ- 
ences which  might  exist  in  expansibility  or  mobility ;  nor 
can  the  results  be  accounted  for  on  any  differences  of  this 
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kind.    They  must,  therefore,  be  regarded  as  nearly  in- 
dicating the  different  conducting  powers. 

Count  Rumford  advanced  the  same  opinion  with  re- 
gard to  airs  as  with  regard  to  non-elastic  fluids,--that  they 
are  non-conductors  of  caloric,  and  that  the  change  of  tem- 
perature which  any  body  in  the  aerial  form  suffers,  arises 
entirely  from  the  motion  of  its  parts  produced  by  the  altera- 
tion in  specific  gravity  which  the  communication  of  caloric 
occasions.    The  experiments  by  which  he  endeavoured  to 
support  this  opinion  are  of  a  similar  nature  to  those  from 
which  the  non-conducting  power  of  liquids  was  inferred, 
principally  shewing,  that  whatever  obstructs  the  motions 
of  a  mass  of  air,  renders  the  propagation  of  caloric 
through  it  much  more  slow.    They  are  even,  from  the 
greater  difficulties  which  attend  the  execution  of  them, 
less  satisfactory  than  those  on  liquids.    And  the  same 
conclusion  is  probably^  to  be  drawn  as  to  the  general 
question.    The  reason  why  a  liquid  conducts  caloric  so 
slowly,  is  apparently,  that,  from  the  mobihty  of  its  parts, 
as  soon  as  a  particle  is  heated  it  recedes  from  the  others, 
and  does  not. communicate  the  caloric  it  had  received. 
The  same  cause,  we  might  be  disposed  to  conclude,  must 
operate  in  the  aeriform  fluids,  and  render  them  very  im- 
perfect conductors,  though  there  seems  little  probability 
in  the  conclubion,  that  they  are  altogether  incapable  of 
conducting  caloric. 

We  observe  even  that  different  bodies  in  the  aerial 
form  conduct  caloric  with  different  degrees  of  celerity, 
and  that  these  differences  cannot  be  ascribed  to  any  dif- 
ference in  their  facility  of  being-  put  m  motion.  The 
most  striking  example  of  this  which  wt  have  is  in  air 
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which  is  dry,  compared  with  air  loaded  with  moisture. 
In  some  experiments  which  Count  Rumford  made,  at 
an  early  period,  he  found,  that  a  thermometer  surrounded 
with  humid  air  was  more  rapidly  heated  when  expos- 
ed to  a  source  of  caloric  than  when  it  was  surrounded 
with  air  perfectly  dry,  the  time  required  to  raise  it  in 
dry  air  from  5i2°  to  212°,  by  plunging  the  vessel  con- 
taining it  into  boiling  water,  being  8  minutes  9  seconds ; 
while,  in  moist  air,  it  required  only  1  minute  51  se- 
conds, a  difference  as  330  to  80  *.  There  is,  however, 
as  Pictet  has  remarked,  a  source  of  fallacy  in  the  experi- 
ment, from  the  circumstance,  that  to  render  the  ait 
humid,  the  sides  of  the  vessel  were  merely  wetted  with 
water,  which,  when  converted  into  vapour,  would  again 
condense  in  part  on  the  cold  bulb  of  the  thermometer, 
ard  by  the  latent  heat  it  would  give  out,  would  contri- 
bute to  raise  its  temperature  ;  and  accordingly,  in  the  re- 
verse mode  of  making  the  experiment,  or  observing  the 
time  the  thermometer  takes  to  cool  in  dry  and  humid  air, 
the  difference  does  not  appear  so  considerable,  though 
still  it  is  apparent.  Some  difference  in  conducting  power 
is  even  obvious,  in  the  effects  of  air  in  these  states  on 
our  sensations  ;  damp  air  when  at  a  moderate  or  rather 
low  temperature,  feeling  colder  than  air  at  the  same  tem- 
perature which  is  perfectly  dry. 

Berthollet,  I  must  remark,  however,  has  advanced  the 
opinion,  for  which  there  seems  to  be  some  grounds,  that 
aeriform  fluids,  so  far  from  being  imperfect  conductors  of 
caloric,  conduct  it  with  great  rapidity.  The  familiar  ex- 
ample of  the  celerity  with  which  an  air  thermometer  in- 
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dicates  the  slightest  change  of  temperature,  he  regards  as 
a  proof  of  the  celerity  with  which  air  receives  caloric 
from  another  body.  He  also  mentions  the  fact,  that 
aerostats  have  sometimes  experienced  a  sudden  dilatation 
of  the  air  in  their  balloon,  from  the  appearance  of  the  sun. 
He  remarks,  apparently  with  justice,  that  the  particles  of 
the  contained  air  cannot  be  supposed  to  take  the  increa^ 
sed  temperature  which  the  expansion  indicates,  by  being 
brought  individually,  and  of  course  successively,  to  the? 
covering  of  the  balloon  and  still  more,  that  the  lower  par- 
ticles, which  are  contiguous  to  that  portion  of  the  cover- 
ing which  does  not  receive  the  solar  beams,  cannot  be 
heated  in  this  manner.  Hence,  he  concludes,  that  these 
phenomena  indicate,  that  the  elastic  fluids,  far  from  being 
imperfect  conductors,  receive  the  temperature  of  others 
very  quickly  *.  The  result  which  Count  Rumford's  expe- 
riments appear  to  establish,  that  air,  when  confined,  im- 
pedes the  communication  of  caloric,  he  supposes  to  be 
owing  to  the  state  of  compression  in  which  it  exists,  by 
which  its  dilatation  is  prevented,  and  this  opposes  an  obsta- 
cle to  the  caloric  diffusing  itself.  One  fact  seems  ad- 
verse to  this  theory,  which  Rumford  himself  ascertained, 
that  there  is  little  difference  in  the  conducting  power  of 
condensed  and  rarified  air.  But  as  the  cooling  of  a  body- 
in  air  is  effected  probably  more  by  the  radiation  of  calo- 
ric from  it  than  by  the  slow  communication,  it  is  proba- 
ble there  might  be  a  considerable  difference  in  the  con- 
ducting power  of  dense  and  rarified  air,  without  the  dif- 
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ference  being  very  apparent  in  the  time  of  cooling  Irts 
Rumford's  experiments. 

In  concluding  this  subject,  I  may  observe,  that  it  i«i 
principally  by  the  agency  of  fluids,  elastic  and  non-elastic,, 
that  the  distribution  of  caloric  over  the  globe  is  regula-. 
ted,  and  great  inequalities  of  temperature  guarded  against;; 
and  that  this  agency  is  exerted  chiefly  by  the  circulation! 
of  which  their  mobility  renders  them  susceptible. 

Thus,  the  atmosphere  with  which  the  earth  is  sur-- 
rounded,  serves  the  important  purpose  of  moderating  thef 
extremes  of  temperature  in  every  climate.  When  thet 
earth  is  much  heated  by  the  sun's  rays,  the  stratum  of  airr 
•immediately  reposing  on  it  receives  part  of  its  caloric,  \ti 
rarified,  and  ascends  ;  its  place  is  supplied  by  colder  airr 
pressing  in  from  every  side;  and,  by  this  constant  sue- • 
•cession,  the  heat  is  moderated  that  would  otherwise  be-  - 
■come  intense.  This  warm  air  is,  by  the  pressure  of  the : 
constant  ascending  portions,  forced  towards  a  colder  cli-- 
•mate,  where  it  serves  to  moderate  the  extremes  of  cold.  . 
There  thus  flow  a  current  from  the  poles  townrds  the  e-  - 
quator,  at  the  surface  of  the  earthy  and  no  doubt  another  r 
superior  current  from  the  equator  to  the  poles  ;  and  i 
though  the  directions  of  these  are  variously  changed,  by  : 
inequalities  of  the  earth's  surface,  they  can  never  be  in-  ' 
Xerrupted,  but  produced  by  general  ouses  must  always  f 
operate,  and  preserve  more  uniform  the  temperature  of ' 
the  globe. 

Water  is  not  less  useful  In  this  respect  in  the  economy  i 
of  nature.    When  a  current  of  cold  air  passes  ovet^he 
surface  of  a  large  collection  of  water,  it  receives  from  it  J 
a  quantity  of  caloric  ;  the  specific  gravity  of  the  water  if 
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nicreased,  and  the  cooled  portion  sinks.  Its  descent  forces 
up  a  portion  of  warmer  w^er  to  the  surface,  which  again 
communicates  a  quantity  of  caloric  to  the  air  passing  over 
ir ;  and  this  process  may  be  continued  for  a  considerable 
time,  proportioned  to  the  depth  of  the  water :  If  this  is 
;ot  very  considerable,  the  whole  is  at  length  cooled  to  40*, 
below  which,  the  specific  gravity  not  increasing,  the  cir- 
culation ceases,  and  the  surface  is  at  length  so  far  cooled 
to  be  covered  with  ice.    If,  on  the  contrary,  the  depth 
is  much  greater,  the  application  of  the  cold  air  may  be 
jntinued  much  longer  without  this  result ;  and  in  this, 
lid  many  other  countries  not  intensely  cold,  it  often  hap- 
pT^ns  that  deep  lakes  are  not  frozen  in  the  course  of  the 
'.'inter.    The  depth  of  the  ocean  being  stilt  greater,  and 
ae  body  of  water  larger,  while,  at  the  same  time,  from 
its  saline  matter,  its  points,  both  of  freezing  and  maxi- 
n:uni  density,  are  lowered,  it  resists  freezing  still  more  ef- 
?^ectually,  and  is  scarcely  frozen  indeed  except  in  latitudes 
here  the  most  intense  cold  prevails. 
The  quantity  of  caloric  thus  communicated  by  water  is 
.;ceedingly  great.  The  heat,  says  Count  Rumford,  "gi- 
'von  off  to  the  air  by  each  superficial  foot  of  water,  in 
oling  one  degree,  is  sufficient  to  heat  an  incumbent  stra- 
•am  of  air  ^4;  times  as  thick  as  the  depth  of  the  water,  10 
.^rees.    Hence  we  see  how  very  powerfully  the  water 
Oi^  the  ocean,  which  is  never  frozen  over  except  in  very 
li'gh  latitudes,  must  contribute  to  warm  the  cold  air  which 
flows  in  from  the  polar  regions." 

Count  Rumford  supposes,,  and  with  good  reason,  that 
currents  exist  in  the  ocean  similar  to  those  formed  in  the 
mosphere.    The  water  which,  in  the  colder  regions,  is 
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cooled  at  the  surface,  descends,  and  spreading  on  th^' 
bottom  of  the  sea,  flows  towards  the  equator,  which  must 
produce  a  current  at  the  surface,  in  an  opposite  direction  j 
and  thus  the  ocean  may  be  useful  in  moderating  the  ex- 
cessive heats  of  the  torrid  zone,  as  well  as  in  obviating 
the  intense  colds  of  the  polar  climates. 

RADIATION  OF  CALORIC, 

I  HAVE  remarked,  in  the  beginning  of  the  present  sec-, 
tion,  that  caloric  is  propagated  or  diffused  over  matter, 
not  only  by  slow  communication,  but  that,  from  a  body 
at  a  high  temperature,  it  is  likewise  projected  in  right 
lines,  moving  with  great  velocity,  and  obeying  the  same, 
laws  of  motion  as  the  rays  of  light.  This  constitutes  its 
Radiation,  the  subject  I  have  now  to  consider. 

This  property  of  caloric,  though  scarcely  attended  to 
until  within  these  few  years,  had  not  altogether  escaped 
observation.  In  the  Memoirs  of  the  Academy  of  Scien-^ 
ces  for  1682,  is  an  experiment  of  Mariotte,  in  which  it  is 
pointed  out.  "  The  heat  of  a  fire,"  it  is  said,  "  reflected 
*'  by  a  burning  mirror,  is  sensible  in  its  focus ;  but  if  a, 

glass  be  interposed  between  the  mirror  and  the  focus, 
*'  the  heat  is  no  longer  sensible." 

Lambert  made  a  similar  experiment,  and  still  more 
clearly  shewed,  that  the  heat  produced  is  not  owing  to 
the  agency  of  light.  Finding,  that  from  burning  charcoal^ 
placed  properly  between  two  concave  mirrors,  such  a 
heat  was  produced,  as  to  kindle  a  combustible  body  at 
the  distance  of  20  or  24  feet ;  to  discover  whether  this  a- 
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rose  from  the  light  emitted,  he  collected,  in  tlie  focus  of 
a  large  lens^  the  light  of  a  clear  burning  fire,  but  found 
it  to  have  scarcely  any  heat  sensible  to  the  hand*. 

Scheele,  in  his  Treatise  on  Air  and  Fire,  alludes  to 
these  experiments,  in  which  heat  is  excited  at  a  distance, 
by  the  reflection  and  concentration  of  this  calorific  mat- 
ter, and  he  added  several  new  and  very,  important  obser- 
vations with  regard  to  it.  He  shewed,  that  this  radiant 
heat,  as  he  named  it,  passes  through  the  air  without  heat- 
ing it,  and  that  any  current  in  the  atmosphere  ^oes  not 
change  its  direction.  If  a  pane  of  glass  be  interposed  be- 
tween the  fire  emitting  it  and  the  hand,  it  is  completely 
arrested,  and  no  sensation  of  heat  is  received,  though  the 
light  from  the  fire  is  transmitted,  and  may  be  concentra- 
ted fay  a  mirror,  so  as  to  form  a  bright  focus,  but  without 
any  heat.  A  glass  mirror,  he  observes,  though  it  reflects 
the  light  of  a  fire,  does  not  reflect  the  heat,  but  absorbs 
and  retains  it,  while  a  polished  metallic  surface  reflects  this 
radiant  heat,  as  well  as  the  light.  A  metallic  mirror, 
therefore,  opposed  to  a  source  of  heat,  may  be  held  a  long 
time  without  becoming  warm.  But  he  adds,  that  if  this 
mirror  be  blackened,  by  holding  it  over  a  burning  candle, 
it  cannot  be  kept  four  minutes  in  the  hand,  opposed  to  a 
fire,  without  exciting  too  strong  a  heat  to  allow  it  to  be 
held  f .  The  general  facts,  for  which  we  are  indebted  to 
Scheele,  and  which  form  the  greater  part  of  what  has  yet 
been  discovered  on  this  subject,  are.  That  radiant  caloric 
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is  reflected  from  metallic  surfaces,  but  is  absorbed  and  not  , 
reflected  or  transmitted  by  a  glass  ; — that  when  a  metal-  | 
lie  surface  is  blackened,  it  no  longer  reflects,  but  absorbs;  j 
and  becomes  therefore  much  sooner  heated ;  that  radiant  i 
caloric  moves  with  velocity  through  air,  undisturbed  by 
any  motion  of  the  air,  and  without  appearing  to  commu- 
nicate to  it  any  increase  of  temperature ;  and  that,  when 
associated  with  light,  it  can  be  separated  from  it,  so  as  to 
obtain  the  peculiar  effects  of  each  apart  from  the  other. 

Saussfire,  in  endeavouring  to  discover  the  cause  of  th 
cold  that  prevails  on  the  summit  of  high  mountains,  was  | 
led  to  attend  to  the  experiment  of  Lambert,  and,  in  con- 
junction with  Pictet,  repeated  and  varied  it.  The  ap- 
paratus they  employed  consisted  of  two  concave  mirrors  | 
of  tin,  moderately  polished,  a  foot  in  diameter,  with  a 
focus  of  41  inches.  These  were  placed  opposite  to  each 
other  at  the  distance  of  12  feet  2  inches.  In  the  focus 
of  one  of  them  was  the  bulb  of  a  mercurial  thermometer, 
in  that  of  tTie  other  was  put  a  ball  of  iron,  2  inches  in 
diameter,  which  had  been  raised  to  a  red  heat,  and  allow- 
ed to  cool,  until  it  was  no  longer  luminous  eveft  in  the 
dal-k.  The  moment  the  ball  was  introduced,  the  thermo- 
meter in  the  opposite  focus  began  to  rise,  and  in-  six 
minutes  it  had  risen  from  4  degrees  to  14|  of  Reaumur's 
scale,  while  another  thermometer,  suspended  without  the 
focus,  but  at  the  same  distance  from  the  heated  ball,  rose 
only  from  4°  to  6\°.  This  experiment  was  often  repeat- 
ed, and  always  with  the  same  result  *.  It  proves,  that  a 
matter  is  projected  in  right  lines  from  heated  bodies, 

*  Voyages  dans  les  Alpes,  t.  iv.  p.  120. 
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capable  of  raising  the  temperature  of  any  substance  by 
which  it  is  interrupted.  The  rationale  of  the  experiment 
is  sufficiently  obvious.  The  heated  body  emits  rays  of 
caloric  in  right  linps ;  those  of  them  which  proceed  to- 
wards the  mirror,  in  the  focus  of  which  it  is  placed,  are 
reflected  and  projected  on  the  surface  of  the  opposite 
mirror  ;  from  it  they  are  again  reflected,  a4id  though  at 
each  surface  some  are  lost,  yet  a  sufficient  number  are 
united  in  the  focus  to  produce  a  considerable  effect  on 
the  thermometer,  while  the  thermometer  without  the  fo- 
cus receives  only  the  few  direct  rays  from  the  surface  of 
the  sphere,  equal  to  its  own  surface,  to  which  it  is  op- 
posed. 

Pictet  prosecuted  these  experiments.  In  substituting 
a  burning  candle  instead  of  the  heated  ball,  the  thermo- 
meter rose,  from  4.6  degrees  to  H*^  *. 

In  both  experiments  there  was  some  ground  for  the 
suspicion,  thiit  light,  which  moves  in  right  lines,  might 
give  rise  to  much,  or  perhaps  even  to  the  whole  of  the 
elFect.  From  the  burning  candle  it  would  be  copiously 
emitted  ;  and  though  the  heated  ball  did  not  appear  lu- 
minous even  in  the  dark,  this  might  be  ascribed  to  the  im- 
perfection of  vision  ;  and  as  the  temperature  was  so  near 
to  that  of  ignition,  it  might  be  supposed  that  its  agency 
was  still  to  be  ascribed  to  light.  Pictet  repeated  the  ex- 
periment which  had  before  been  made,  but  with  more 
accuracy, — that  of  interposing  a  plate  of  glass  between 
the  radiating  body  and  the  thermometer,  which  would 
?fFord  a  ready  passage  to  any  light  present,  while,  if  the 
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rays  were  of  the  nature  of  caloric,  these  might  be  expect- 
ed to  be  Intercepted.  When  the  burning  candle  had 
been  placed  in  the  focus,  and  had  raised  the  thermometer 
in  the  opposite  focus  from  2  to  12  degrees,  a  plate  of  very 
transparent  glass  was  interposed,  and  in  9  minutes  the 
thermometer  had  descended  to  5.7,  that  is  more  than  one- 
half.  On  removing  the  glass,  the  thermometer  immedi- 
ately rose.  Even  the  effect  which  was  produced  while  it 
was  interposed,  is  probably  not  to  be  ascribed  to  the  a- 
gency  of  light,  but  partly  to  the  rays  of  caloric  being  im- 
perfectly intercepted,  and  partly  to  the  glass  itself  being 
heated  by  those  which  were  arrested,  and  thus  becoming 
a  source  of  radiating  caloric.  He  performed  another  ex- 
periment, in  which  the  operation  of  light  cannot  be  sus- 
pected. A  glass  matrass,  capable  of  containing  rather 
more  than  two  ounces  by  measure,  was  filled  with  boil- 
ing water,  and  placed  in  the  focus  of  one  of  the  mirrors. 
The  other  was  placed  at  the  distance  of  10  feet  6  inches, 
and  in  its  focus  was  suspended  a  small  mercurial  thermo- 
meter, having  Fahrenheit's  scale.  This  in  two  minutes 
rose  from  47*'  to  50^''  •,  and  when  the  matrass  was  re- 
moved, it  instantly  began  to  fall.  These  experiments 
leave  no  room  to  doubt  of  the  radiation  of  caloric,  as  they 
prove,  that  a  calorific  power  is  propagated  in  right  lines 
from  any  mass  of  matter  the  temperature  of  which  is 
moderately  raised. 

It  is  known,  that  when  bodies  are  blackened,  they  are 
more  heated  by  the  rays  of  light  than  when  they  are  not 
so  prepared.  From  the  experiments  of  Scheele,  in  which 
he  blackened  the  metallic  mirror  placed  before  a  fire, 
and  found  it  was  soon  much  more  heated  than  when 
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clean,  It  appeared  to  be  the  same  with  regard  to  radiant 
caloric  i  and  this  was  unequivocally  ascertained  by  Pictet. 
When  the  bulb  of  the  thermometer  employed  in  the  last 
experiment,  and  which,  by  the  caloric  radiated  from  the 
matrass  of  boiling  water  was  raised  from  47**  to,  50\°, 
was  blackened,  it  rose,  the  experiment  being  in  every 
other  respect  the  same,  from  5l\°  to  55J°. 

From  Scheele's  experiments  might  be  collected,  though 
with  some  obscurity,  the  effect  of  different  kinds  of  mat- 
ter at  the  same  temperature,  in  radiating  caloric.  Experi- 
ments of  a  similar  nature,  though  likewise  obscure  as  to 
their  rationale  at  that  time,  were  made  by  Pictet,  by  in- 
terposing a  glass  mirror  or  plate,  covered  with  amalgam 
on  one  side,  between  the  hot  body  and  the  thermometer, 
and  according  as  the  glass  or  the  metallic  surface  was 
opposed  to  the  hot  body,  or  according  as  either  surface 
was  blackened,  the  calorific  effect  on  the  thermometer  was 
different;  the  effect  being  least,  or  as  0.5,  when  the  glass 
surface  was  opposed  to  the  hot  body,  and  the  metallic  one 
of  course  to  the  thermometer,  while,  in  tlie  opposite  ar- 
rangement, or  with  the  metallic  surface  opposed  to  the 
hot  body,  and  the  glass  surface  to  the  thermometer,  it  was 
as  3.5;  when  the  metallic  surface  opposed  to  the  source 
of  heat  was  blackened,  the  calorific  effect  on  the  thermo- 
meter was  as  9.2,  and  when  the  coat  of  amalgam  was  en- 
tirely removed,  and  the  glass  surface  opposed  to  the  hot 
body  blackened,  it  was  not  less  than  18°  *. 

In  employing  a  concave  glass  mirror,  placing  it  behind 
tlie  thermometer,  scarcely  any  rise  was  indicated,  when  a 
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heated  metallic  ball  was  opposed  to  it, — a  very  simple  ex- 
periment, by  which  the  different  powers  of  glass  and  me- 
tal in  reflecting  caloric,  are  also  demonstratctl. 

Pictet,  though  he  made  the  experiment,  could  not  as- 
certain whether  this  radiating  calorific  matter  suffered  re- 
fraction. He  endeavoured,  but  by  a  very  rude  experi- 
1  ment,  to  discover  the  velocity  of  its  motion.  Two  con- 
cave mirrors  were  placed  at  the  distance  from  each  other 
of  69  feet;  at  the  distance  of  a  few  inches  from  the  focus 
of  the  mirror,  in  which  the  heated  body  was  to  be  placed, 
a  thick  skreen  was  suspended,  the  air  thermometer  being 
placed  in  the  focus  of  the  other  mirror.  The  ball  of  iron 
which  had  been  used  in  these  experiments,  heated  some- 
what below  ignition  being  introduced,  the  skreen  was 
withdrawn.  At  that  instant  the  thermometer  rose,  nor 
was  it  possible  to  perceive  an  interval  of  time  between  its 
rise  and  the  lifting  of  the  skreen.  The  moment  the  skreen 
was  dropped,  the  ascent  of  the  thermometer  ceased.  ' 
From  the  velocity  with  which  radiant  caloric  passes 
through  the  atmosphere,  it  does  not  raise  its  temperature, 
as  was  remarked  by  Scheele. 

After  these  experiments  by  Saussure  and  Pictet,  on  the 
radiation  of  caloric,  had  been  published,  the  subject  was 
not  prosecuted  for  several  years.  At  length  Herschel,  in 
his  investigation  of  the  constitution  of  the  solar  ray,  made 
the  important  discovery,  that  radiant  caloric  is  a  consti- 
tuent part  of  it,  being  associated  with  visible  light.  He 
was  led  to  this  discovery  by  finding,  that  when  a  solar  ray 
is  decomposed  by  the  prism,  the  different  coloured  rays 
have  very  different  heating  powers  the  most  refrangible 
of  the  visible  rays,  the  violet,  is  least  powerful  in  exciting 
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heat,  and  the  calorific  power  increases  towards  the  other 
side  of  the  spectrum,  and  is  greatest  in  the  red  rays. 
This  was  ascertained  by  receiving  the  prismatic  spectrum 
on  a  piece  of  pasteboard,  in  which  was  an  opening  of 
sufficient  length  to  allow  the  whole  of  onf  of  the  prisma- 
tic colours  to  pass  through.  Vf:ry  sensible  thermometers 
were  placed  beneath,  and  by  the  rise  they  suffered,  the 
heating  powers  of  the  different  rays  were  compared  *. 

He  further  found,  however,  that  besides  the  distribu- 
tion of  calorific  ray^  in  different  proportions  among  the 
.visible  rays,  they  exist  entirely  apart  from  it,  and  beyond 
that  side  of  the  visible  prismatic  spectrum  bounded  by  the 
red  rays.  The  maximum  of  heating  power  is  about  half 
an  inch  beyond  the  visible  light,  but  it  can  be  traced  to 
tlie  extent  even  of  an  inch  and  a  half.  This  must  be  re- 
ceived as  a  proof  of  the  existence  of  radiant  caloric  in  the 
solar  beam.  The  former  appearances  might  perhaps  be 
accounted  for  by  supposing  light  to  have,  as  a  property 
belonging  to  it,  the  power  of  heating  bodies,  and  that  this 
property  is  possessed  by  the  different  rays  in  difi^erent  de- 
grees of  intensity.  But  when  we  find  that  rays  are  sepa- 
rated by  the  prism,  still  more  powerfully  heating,  but  al- 
togetlier  invisible,  and  incapable  of  being  brought  to  ex- 
cite any  illumination,  we  must  regard  this  as  a  proof  suf- 
ficiently decisive  of  the  presence  of  radiant  caloric.  This 
discovery,  with  regard  to  the  different  heating  powers  of 
the  diff^erent  coloured  rays,  and  the  existence  of  an  invisi- 
ble calorific  matter,  has  been  confirmed,  as  I  shall  have  to 
state  more  fully  in  the  history  of  Light,  by  Sir  H.  Engle- 
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field,  by  experiments  even  more  unexceptionahle,  in  some 
respects,  than  those  of  Herschel. 

The  phenomena  of  the  experiment  now  stated,  prove 
radiant  caloric,  at  least  as  it  exists  in  the  solar  rays,  to  be 
liable  to  refraction,  since  it  is  separjted  by  the  prism 
from  the  rays  of  visible  light,  or,  in  being  transmitted 
through  it,  is  turned  aside  from  the  direction  in  which  it 
was  moving.    It  appears  even  that  a  beam  of  radiant  ca- 
loric must  consist  of  rays  of  different  degrees  of  refrangi- 
bility.   The  experiments  shew,  that  the  calorific  rays  are 
dispersed  over  a  space  even  greater  than  that  occupied  by 
the  visible  rays  of  light.    If  the  radiant  caloric  existing  in 
the  sun-beam  were  not  refrangible,  it  would  fall  upon  an 
equal  space,  in  the  place  where  the  shadow  of  the  prism, 
when  covered,  may  be  seen  ;  and  if  various  degrees  of  re- 
frangibility  did  not  belong  to  it,  it  must  fall  uniformly  on 
a  space  equal  to  the  area  of  the  prism.    But  neither  of 
these  being  the  case,  the  conclusions  may  be  drawn,  that 
radiant  caloric  is  subject  to  the  laws  of  refraction,  and 
also  to  those  of  the  different  refrangibility  of  light*,  and 
that  the  range  of  its  refrangibility  is  even  more  extensive 
than  that  of  the  coloured  rays. 

Herschel  made  the  interesting  experiment,  of  ascertain- 
ing whether  the  radiant  caloric  projected  from  heated 
bodies,  is  likewise  refrangible.  By  placing  a  lens  at  a 
small  distance  from  a  burning  candle,  with  a  pasteboard 
skreen,  having  an  aperture  of  nearly  the  same  size  as  the 
lens  interposed,  the  direct  rays  from  the  candle,  which 
passed  through  this  aperture,  were  refracted  by  the  lens, 
and  thrown  on  a  thermometer  in  its  focus,  which  was 
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.  thus  raised  in  riiree  minutes  2i  degrees  *.  A  similar  ex- 
periment was  performed  on  the  calorific  rays  issuing 

-  from  a  common  fire,  from  a  mass  of  red-hot  iron,  and 
likewise  from  iron  heated,  but  not  to  ignition ;  and  the 
results  equally  proved,  that  these  rays  are  subject  to  the 
laws  of  refraction.  He  also  subjected  to  experiment  the 
invisible  calorific  rays  of  the  solar  beam,  and  found  that 
they  were  accurately  refracted  to  the  focus  of  the  lens  f . 

Radiant  caloric,  whether  existing  in  the  rays  of  the 
sun,  or  emanated  from  heated' bodies,  and  whether  con- 
nected with  visible  light  or  not,  he  likewise  proved  to  be 
subject  to  the  usual  laws  of  reflection.  He  employed 
a  single  concave  metallic  mirror  of  inches  diameter, 
and  placed  it  at  the  distance  of  29  inches  from  a  candle. 
The  ball  of  a  thermometer  being  placed  in  its  secondary 
focus,  the  rise  of  temperature  which  it  indicated  was,  in 
five  minutes,  5fth  degrees  from  the  reflected  rays ;  an- 
other thermometer,  placed  near,  but  out  of  the  reach  of 
reflection,  not  being  at  all  afl^ected  %.  Similar  experi- 
ments, and  with  the  same  general  results,  were  made  on 
the  calorific  rays  from  steel  red-hot ;  from  a  coal  fire  j 
and  from  an  iron  stove,  or  a  rod  of  iron,  at  a  heat  inferior 
to  that  of  ignition  § .  The  radiant  caloric  existing  in  the 
rays  of  the  sun,  either  associated  with  the  visible  light,  or 
separated  from  it  by  the  prism,  were  found,  by  similar 
experiments,  to  be  likewise  susceptible  of  reflection  and 
condensation  ||, 

*  Philosophical  Transactions,  1800,  p.  272.  ;  Ibid.  p.  309. 
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So  far  the  radiant  caloric  which  exists  in  the  solar  rays-, 
and  that  which  is  emitted  from  bodies  at  a  high  tempera- 
ture, agree  in  their  properties.  It  f)lIows,  however, 
from  Herschel's  experiments,  that  a  di{Ference  exists  be- 
tween them  in  one  property,  that  of  passing  through 
transparent  media,  the  latter  being  transmitted  with 
much  more  difFiculty  than  that  which  exists  in  solar  light. 

The  apparatus  employed  to  ascertain  this,  consisted  of 
two  thermometers  of  equal  sensibility,  the  one  being  co- 
vered with  glass  or  some  other  transparent  substance,  the 
other  remaining  uncovered,  and  both,  with  the  requisite 
precautions,  being  exposed  to  the  operation  of  radiant 
caloric  *. 

In  the  first  experiment,  they  were  equally  exposed  to 
the  solar  rays,  a  piece  of  glass,  very  transparent,  and  of 
bluish  white  tinge,  covering  the  one.  This  thermometer, 
in  five  minutes,  rose  from  67°  to  7l|°,  while  the  unco- 
vered one  rose  in  the  same  time  from  67^^  to  7S*-'f. 
Here,  therefore,  one-lourth  of  the  radiant  caloric  v/as  in-; 
tercepted  ;  or,  if  we  suppose  1000  rays  to  have  impinged 
on  the  glass,  750  were  transmitted,  and  250  stopped; 
When  a  piece  of  flint  glass,  about  2^  tenths  of  an  inch 
thick,  covered  the  thermonieter,  it  rose  in /five  minutes  5 
degrees,  \yhile  the  other,  in  the  same  time,. rose  51",  or 
o{  10^0  Incideiu  rays  of  radiant  caloric,  only  91  were  in- 
tercepted by  the  glaiS  J. 

The  experiment  was  repeated,  by  exposing  the  thermo- 
meti'rs,  as  betoie,  to  the  rays  from  a  burning  candle. 


*  Philosophical  Transactions,  p.  44G. 
t  Ibid.  p.  4'50.  t  Ibid,  p.  4-51. 
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The  uncovered  thermometer  rose  in  five  minutes  from 
59°|ths  to  62^|ths  ;  the  other,  covered  with  the  bluish 
white  glass,  from  59|°  to  GOfths.  Here  more  than  half 
of  the  calorific  rays  were  intercepted,  or  of  1000,  375 
were  transmitted,  625  stopped.  When  the  experiment 
was  repeated  with  the  piece  of  flint  glass,  the  one  ther- 
mometer rose  in  five  minutes  from  59°iths  to  62°|ths  j 
the  other,  from  SQ^^ths  to  GO^ths,  or  of  1000  incident  cal- 
orific rays,  409  passed  through,  591  were  stopped  *.  It 
is  thus  obvious,  that  the  radiant  caloric  from  burning 
bodies  passes  with  much  more  difficulty  through  glass 
than  the  radiant  caloric  existing  in  the  rays  of  the  sun. 

In  both  these  sets  of  experiments,  the  radiant  caloric 
was  connected  with  light,  which  might  perhaps  influence 
its  transmission  through  the  glass.  But  we  have  experi- 
ments with  the  calorific  matter  alone,  by  which  this  may 
be  determined. 

The  radiant  caloric,  or  invisible  heating  rays  in  the  so- 
lar rays,  being  separated  from  the  illuminating  rays,  the 
thermometers  were  exposed  to  the  former  ;  in  five  min- 
utes the  uncovered  thermometer  rose  from  48°  to  49°^ths; 
the  other,  covered  with  the  bluish  white  glass  from  4<7® 
to  ^S^lths,  or  of  1000  rays  only  71  were  stopped;  and 
when  the  piece  of  flint  glass  was  used,  the  rise  was  e- 
qual,  or  no  rays  appeared  to  be  arrested  f.  The  experi- 
ment was  also  performed  on  the  radiant  caloric  emanated 
from  a  body  heated,  but  not  luminous,  generally  from' 
an  iron-stove.    In  three  minutes  the  uncovered  thermo-' 
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meter  rose  from  56°  to  59°iths  j  the  other,  covered  with 
the  bluish  white  glass,  from  55°lths  to  56Jths,  conse- 
quently considerably  less  than  the  half  was  transmitted, 
or  of  1000  rays,  700  were  stopped.  On  employing  the 
piece  of  flint  glass,  the  proportion  of  rays  arrested  was 
533  *.  When  other  transparent  colourless  substances, 
as  Iceland  crystal,  were  used,  the  general  results  were 
similar  to  those  with  glass. 

These  experiments  Teave  no  doubt  as  to  the  more  dif-- 
ficult  transmission  of  the  radiant  caloric  from  heated  1 
bodies  through  transparent  glass,  and  of  course  point  out. 
a  difference  between  it  and  the  radiant  caloric  which  ex-  • 
ists  in  the  solar  rays.  We  might  petceive,  indeed,  this, 
difference  from  familiar  facts.  We  know  that  when  ai 
piece  of  glass  is  interposed  between  a  heated  body,  placed  i 
jn  the  focus  of  one  mirror,  and  a  thermometer  in  that  of 
the  other,  the  radiant  caloric  is  nearly  completely  inter-- 
cepted  ;  while,  on  the  other  hand,  we  also  know,  that: 
when  the  solar  rays  are  concentrated  by  a  lens,  a  very  in-  • 
tense  heat  is  excited  in  its  focus,  a  sufficient  proof  that  : 
the  radiant  caloric,  or  the  greater  part  of  it,  existing  in : 
these  rays,  passes  through  the  glass. 

Ilerschel  also  examined  the  powers  of  differently  col- 
oured glasses,  in  intercepting  both  these  varieties  of  ra-  • 
diant  caloric  j  but  his  experiments  on  this  subject  are  too 
nu.nerous  to  be  detailed  ^  and  I  must  refer,  therefore,  to 
the  memoir  itself.  In  general,  the  coloured  glasses  in- - 
tercepted  more  of  the  radiant  caloric,  than  the  uncolour- 
ed,  whether  that  from  the  sun  or  that  from  heated  bodies, : 


*  Philosophical  Transactions  for  1803,  p.  4-92. 
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One  singularity  is  to  be  observed,  that  these  coloured 
glasses  intercept  more  of  the  radiant  caloric  of  the  solar 
rays  when  this  is  connected  with  light  ;  in  other  words, 
when  the  entire  solar  ray  is  made  to  impinge  on  the  glass, 
than  they  do  of  the  radiant  caloric  from  heated  bodies  j 
but,  on  the  other  hand,  when  the  radiant  caloric  of  the 
solar  ray  is  separated  from  the  visible  light,  much  less  of 
it  is  intercepted  than  of  the  other.  Even  the  calorific 
rays  of  the  different  orders  of  refrangibility  in  the  solar 
beam,  possess,  in  different  degrees,  the  power  of  passing 
through  different  substances  *. 

In  ascertaining  the  capability  of  solar  radiant  caloric  of 
passing  through  fluids,  Dr  Herschel  found,  that  of  1000 
rays  incident  on  a  tube  containing  water,  558  were  stop- 
ped ;  and  on  one  containing  alkohol,  612  ;  but  it  is  not 
easy  to  ascertain  what  portion  was  intercepted  by  the 
glass,  and  what  by  the  liquid  f .  It  has  been  already 
shewn,  that  the  radiant  caloric  from  heated  bodies  is 
scarcely  capable  of  penetrating  liquids.  In  the  experi- 
ment I  performed  on  the  conducting  power  of  fluids  in 
the  ice  vessel,  when  the  heated  iron  ball  was  suspended 
over  transparent  almond  oil,  so  as  not  to  touch  it,  the  ther- 
mometer beneath  was  scarcely  affected,  which  it  would 
have  been  had  the  rays  of  caloric  penetrated  the  liquia 
with  facility. 

Dr  Herschel's  views,  in 'making  these  experiments, 
were  directed  to  a  different  object  than  the  comparison 
of  the  properties  of  these  varieties  of  radiant  caloric  ;  the 
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experiments  being  designed  principally,  as  I  shall  after- 
wards have  to  state,  to  prove  that  the  heating  and  illumi- 
nating powers  of  the  visible  rays  of  light  depend  on  dif- 
f<?r.>nt  kinds  of  rays.  Hence  he  scarcely  attends  to  th. 
dirTerences  I  have  pointed  out  in  the  above  abstract.  They 
follovir,  howev£r,  directly  from  his  experiments,  and  are 
resuirs  highly  mteresting. 

I  have  now  to  give  an  abstract  of  the  important  experi- 
ments of  Mr  Leslie,  contrived  with  much  ingenuity,  and 
executed  by  an  apparatus  simple,  but  well  adapted  to  dis- 
play  the  phenomena  of  radiant  caloric,  and  to  admit  of 
their  accurate  examination.  He  employed  a  single  re- 
flecting mirror  of  tinned  iron,  highly  polished,  placed  up- 
ri^^ht  in  a  small  wooden  frame.  As  the  substance  ra- 
diating caloric,  he  employed  small  hollow  cubes  of  tin, 
from  three  to  ten  inches,  which  were  filled  with  hot  wa- 
ter, and  placed  before  the  mirror  at  the  distance  of  a  few 
feet ;  and,  by  covering  or  preparing  the  sides  of  the  cube 
In  various  ways;  he  could  without  any  difficulty  ascertain 
accurately  the  effect  of  different  kinds  of  matter  on  the 
radiation  *. 


*  To  measure  the  effect  in  these  experiments,  Mr  Leslie 
employed  the  instrument  which  he  invented,  the  differential 
thermometer,  which  combines  great  delicacy  with  accuracy. 
It  is  an  air-thermometer,  but  instead  of  being  merely  a  cylin- 
drical tube,  with  one  ball,  it  has  two  equal  bulbs,  one  at  each 
extremity  of  the  tube,  and  this  tube  is  bent  into  the  shape 
nearly  of  the  letter  U.  Previous  to  connecting  the  balls  with 
the  tube,  by  the  blowpipe,  a  small  quantity  of  coloured  liquor 
(sulphuric  acid  tinged  with  carmine,)  is  introduced,  so  as  to 
fill  the  curved  part  of  the  tube,  and  rise  to  a  certain  height  in 
each  of  the  legs,  which,  to  admit  of  a  sufficient  range,  are 
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The  tin  cubical  vessel  being  filled  with  boiling  water, 
and  placed  before  the  reflector,  a  few  feet  distant,  and 
one  of  the  balls  of  the  differential  thermometer  being 
placed  in  the  focus  of  the  mirror,  a  rise  of  temperature  is 
immediately  indicated,  or  the  liquor  descends  in  the  tube 
connected  with  this  ball,  and  rises  in  the  other. 

To  examine  with  accuracy  the  effect  of  different  sur- 
faces in  radiating  caloric,  Mr  Leslie  painted  one  side  of 


from  three  to  six  inches  long.  The  curved  part  of  the  tube 
is  then  fixed  in  a  small  wooden  frame,  so  as  to  admit  of  tlie 
instrument  standing  in  a  vertical  position.  The  principle 
■which  gives  it  accuracy,  is,  that  it  is  not  influenced  by  any 
variation  of  temperature  in  the  surrounding  medium.  VV  hen 
both  balls  are  at  the  same  temptrature,  the  elasticity  of  the  aii* 
in  the  one  being  equal  to  that  in  thf  other,  the  liquor  ui  ea.:h 
tube  will  be  equally  prcsned  on,  and  will  remain  stationary  at 
a  certain  height.  If  the  instrument  be  introduced  into  eit  ier 
a  warmer  or  colder  atmosphere,  the  temperature  of  both  balls 
will  be  equally  affected  ;  the  volume  of  air  in  each  will  be  e- 
qually  expanded  or  contracted ;  and  hence  the  liquor  will  still 
remain  stationary.  But,  if  one  of  the  balls  be  more  heated  or 
cooled  than  the  other,  this  equilibrium  is  subverted,  and  the 
liquor  must  rise  in  the  tube  connected  with  the  ball  which  is 
at  the  lower  temperature,  and  of  course  fall  in  the  other. 
Hence  the  instrument  is  calculated  to  point  out  the  difference 
Cil  temperature  in  the  corresponding  balls  ;  it  will  do  so  ivith 
pjuch  sensibility;  and  on  both  accounts  is  peculiarly  calculat- 
ed for  experiments  on  radiant  caloric.  A  scale  is  of  course 
attached  to  one  of  the  legs  of  the  instrument,  by  which  the 
rise  or  fall  can  be  measured  with  accuracy.  The  sc  le  Mr 
Leslie  employed,  was  formed  by  dividing  the  interval  between 
freezing  and  boiling  water  into  100  degrees,  and  subdividmg 
each  of  these  decimally,  these  last  divisions  being  the  degrees 
»f  the  instrument, 
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the  vessel  (a  six  Inch  cube,)  with  lamp-black,  coated  ano- 
ther with  writing-paper,  covered  the  third  with  a  pane  of 
glass,  and  left  the  fourth  uncovered.    The  vessel  thus 
prepared  being  filled  with  boiling  water,  and  the  black 
side  being  opposed  to  the  reflector,  the  liquor  in  the  ther- 
mometer rose  100  degrees  of  its  scale.  The  papered  side 
caused  a  rise  of  98  degrees;  the  glass  surface  90  degrees, , 
and  the  metallic  surface  not  more  than  12°.  These  nura-  • 
bers,  therefore,  express  the  different  powers  of  these  sur-  • 
faces  in  radiating  caloric,  as  in  all  the  experiments  the  - 
quantity  radiated  was  different,  though  the  temperature; 
of  each  surface  must  have  been  the  same  *. 

Mr  Leslie's  next  experiments  shew  the  effect  of  diffe-  • 
rent  surfaces  in  r^Jli^ctifig  radiant  caloric.    If  the  ball  of 
the  thermometer  in  the  focus  of  the  mirror  be  coated  with 
tinfoil,  the  rise  of  temperature  which  it  now  suffers  is  - 
much  less ;  from  the  blackened  surface  it  receives  an  in- 
crease of  temperature,  instead  of  100°,  amounting  only 
to         and  from  the  metallic  surface,  instead  of  12°  only  { 
2^^  ;  in  other  words,  the  ball  thus  covered  with  metal  re- 
fects the  greater  part  of  the  calorific  matter  directed  upon  . 
it,  and  therefore  its  temperature  is  not  raised.  The  same 
thing  is  proved  by  substituting  for  the  tinned  mirror  a 
glass  one,  (employing  the  thermometer  in  its  usual  state, 
or  without  the  tinfoil)  :  on  presenting  even  the  most 
powerful  radiating  surface,  that  is  the  blackened  side  of 
the  cube,  the  rise  of  the  thermometer  will  be  merely  a 
visible  space,  or  the  glass  is  capable  of  reflecting  on  the 
thermometer  in  its  focus  only  a  small  part  of  the  caloric 
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1^  receives.  If  its  surface  is  blackened,  by  spreading 
china-ink  over  it,  even  this  slight  effect  ceases,  or  no  rise 
in  the  thermometer  is  perceptible  •,  but  if  the  surface  of 
the  glass  mirror  be  covered  with  tinfoil,  the  effect  on  the 
thermometer  is  now  increased  to  at  least  ten  times  the 
effect  produced  by  the  glass  alone  *. 

We  perceive,  therefore,  from  these  experiments,  that 
the  power  of  bodies  to  radiate  caloric,  and  that  to  reflect 
it,  are  precisely  opposed  to  each  other.  A  blackened 
surface  radiates  most,  glass  next  to  it,  and  a  polished 
metal  least ;  while  in  the  power  of  reflecting,  the  order 
is  precisely  the  reverse,  the  metal  surface  reflecting  most 
copiously,  the  blackened  surface  least.  It  appears  also, 
that  the  radiating  and  absorbing  powers  of  bodies  are  ex- 
actly proportional,  and  are  inversely  as  the  reflecting 
power.  Thus,  a  thermometer  covered  with  metal  i;» 
inuch  less  heated  than  when  its  glass  surface  merely  is 
exposed,  and  we  know  that  when  it  is  blackened,  the  rise 
of  temperature  which  is  indicated  is  still  more  consider- 
able. That  the  power  of  reflecting  should  be  inversely 
as  that  of  absorbing,  is  to  be  expebted,  but  it  could 
scarcely  have  been  inferred  a  priori  that  the  powers  of 
radiating  and  of  absorbing  should  be  the  same. 

Mr  Leslie  found,  that  a  considerable  aberration  takes 
place  in  the  reflection  of  heat.  He  com.pared  it  with 
light,  by  placing  a  taper  before  the  reflector,  at  the  same 
distance  with  the  c.-inister,  when  he  found,  that  on  mo- 
Ying  the  taper  aside,  two  inches  from  the  axis  of  the  re- 
jector, no  luminous  spot  could  be  perceived  in  the  focus. 
-  ^  — — —  — - 
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But  when  the  canister  was  moved  hi  the  same  manncr> 
it  still  continued  to  produce  its  heating  efFcct  on  the  ther- 
piometer  in  the  focus  ;  at  the  distance  of  an  inch  this  did 
not  appear  to  be  lessened,  and  the  canister  could  be  with- 
drawn 7  or  8  inches  from  the  axis  before  the  effect  ceas- 
ed to  be  perceptible.  It  follows  from  this,  that  the  heat- 
ing eflect  will  not  be  in  the  true  focus,  but  nearer  to  the 
mirror.  And  accordingly,  Mr  Leslie  found,  that  on  ad- 
vancing the  thermometer  half  an  inch  nearer  to  the  re- 
flector than  the  focus,  the  heating  effect  was  augmented 
more  than  one-third ;  and  even  at  one  inch,  it  was  great- 
er by  one-fourth ;  while,  on  the  contrary,  in  moving  it 
backwards,  the  impression  diminished  rapidly,  beyond  the  ' 
real  focus  ;  at  half  an  inch  beyond  it,  it  was  diminished 
one-half  \  and  at  one  inch,  did  not  amount  to  one-seventh 
of  the  effect.  Theke  facts  are  shewn  by  the  following 
numbers  :  In  the  true  focus,  the  thermometer,  (the  can- 
ister being  placed  before  the  reflector),  stood  at  58°; 
half  an  inch  nearer  to  the  reflector,  it  stood  at  80°  ;  one 
inch  nearer,  at  70°  ;  half  an  inch  beyond  the  focus,  on 
the  other  side,  at  25°  :  and  half  an  inch  farther,  at  8?  *. 

The  other  set  of  experiments  which  Mr  Leslie  made, 
are  those  from  which  he  more  particularly  inferred  the 
theory  he  has  proposed  of  Radiant  Caloric.  They  relate 
to  the  effect  of  interposed  skreens  in  intercepting  the 
communication  of  temperature  from  the  hot  body  to  the 
mirror. 

A  frame  being  provided,  larger  than  the  reflector,  a 
sheet  of  tinfoil  is  attached  to  it,  and  it  is  placed  about 


*  Leslie  on  Heat,  p.  Gl — 64. 
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two  Inches  from  the  tin  vessel,  between  it  and  the  ther- 
mometer ;  the  most  powerful  radiating  surface  of  the 
vessel,  the  blackened  one,  being  presented.  The  effect 
on  the  thermometer  is  completely  intercepted,  and  re- 
mains so  at  whateve-  distance  the  tkreen  is  placed  be- 
tween the  tin  vessel. and  the  reflector.  Gold  leaf,  which 
is  600  times  thinner  than  the  tinfoil,  has  the  same  effect. 
If,  however,  instead  of  the  metallic  skreen,  a  pane  of 
glass  be  interposed,  the  result  is  very  different ;  the  liquor 
in  the  thermometer  will  be  raised  20  degrees,  estimating 
the  entire  and  unobstructed  effect  from  the  blackened 
side  of  the  cube  at  100°.  If,  instead  of  the  glass,  a  sheet 
of  paper  be  attached  to  the  frame  placed  between  the 
heated  tin  vessel  and  the  mirror  about  two  inches  from 
the  former,  the  rise  of  the  differential  thermometer  is 
rather  greater,  being  23  degrees  when  the  blackened  sur- 
face has  been  opposed  to  the  mirror. 

It  might  be  supposed,  that  the  effect  produced  on  the 
thermometer  in  these  experiments  with  the  glass  or  pa- 
per is  owing  to  part  of  the  radiant  caloric  passing  through 
their  substance,  while  another  portion  is  intercepted. 
But,  were  this  the  case,  Mr  Leslie  observes,  the  effect 
ought  to  be  the  same,  at  whatever  distance  the  skreen  is 
placed  between  the  tin  vessel  and  the  reflector,  while  he 
finds  it  to  be  entirely  dependent  on  its  contiguity,  to  the 
former.  If  distant  about  two  inches  from  the  heated  sur- 
face, the  effects  above  stated  are  produced  ;  if  farther  re- 
moved, or  placed  nearer  to  the  reflector,  the  effect  dimi- 
nishes ;  and  at  length,  when  it  is  about  a  foot  distant  from 
the  tin  vessel,  the  rise  in  the  thermometer  is  not  one- 
thirtieth  whnt  it  amounts  to  in  the  first  position.  This 
Jie  regards  as  a  proof  that  the  interposed  skreen  does  not 
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operate  partly  by  intercepting  and  partly  allowing  the  ra- 
diant caloric  to  pass  through  it,  but  that  the  effect  must 
be  ascribed  to  the  calorific  influence  being  entirely  arrest- 
ed, while  the  skreen  by  this  acquires  heat,  "  and  in  its 
turn  displays  the  same  energy  as  if  it  had  formed  the  sur- 
face of  a  new  canister  of  the  corresponding  temper- 
ature." Of  course,  the  effect  must  be  dependent  on  the 
contiguity  of  the  interposed  skreen  to  the  source  of  heat, 
and  on  its  nature  with  regard  to  its  receptive  and  dis- 
charging powers  ;  when,  of  metal,  the  effect  is  impercep- 
tible, because  a  metallic  surface  is  equally  unfavourabler 
to  receiving  caloric  on  the  one  side,  or  giving  it  out  on  the 
other  j  while,  if*  of  glass  or  paper,  the  effect  is  consider- 
able, because  these  substances  are  possessed  of  precisely 
the  opposite  powers ;  either  of  them  will  receive  the  heat 
from  the  hot  body,  and  at  ^he  other  surface  will  give  it 
out  to  the  mirror. 

In  confirmation  of  this  view,  Mr  Leslie  found,  that 
when  a  substance  is  used  as  the  skreen  which  cannot  have 
its  temperature  raised,  as  a  thin  sheet  of  ice,  it  completely 
intercepts  the  effect  on  the  thermometer ;  and  it  is  still 
farther  established  by  an  extremely  ingenious  experiment 
contrived  by  Mr  Leslie,  and  which  he  justly  regards  as 
the  experimentum  cruets.  Let  two  panes  of  crown  glass 
be  coated,  one  on  each  side  with  tinfoil ;  join  them  toge- 
ther with  their  tin  surfaces  in  contact,  and  attach  them  to 
the  frame  placed  in  -the  same  position  as  in  the  preceding 
experiments,  the  thermometer  will  experience  a  rise  equal 
to  18  degrees.  But  let  the  panes  of  glass  be  joined,  so 
as  to  have  their  tin  coatings  on  the  outer  sides,  there  will 
be  no  rise  whatever  in  the  thermometer;  yet,  in  both 
cases,  the  obstacle  presented  is  the  same  ;  and  if  the  ef 
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feet  on  the  thcKnometer  were  owing  to  radiant  caloric 
being  partly  transmitted,  it  would  be  difficult  to  assign 
any.  cause  for  so  striking  a  difFerence.  On  the  principle 
already  stated,^  it  is  fully  explained.  In  the  first  variation 
of  the  experiment,  a  surface  is  presented  to  the  tin  vessel 
highly  receptive  of  caloric,  and  therefore  the  compound 
skreen  will  be  heated  and,  on  the  other  hand,  a  surface 
is  at  the  same  time  opposed  to  the  mirror,  which  will  dis- 
charge as  quickly  the  caloric  it  had  received.  In  the 
other  position,  the  circumstances  are  reversed ;  the  metal- 
lic surface  opposed  to  the  tin  vessel  does  not  absorb  the  ca- 
loric projected  towards  it,  but  throws  it  ofF;  and,  were  it 
even  heated,  the  metallic  surface  opposed  to  the  mirror 
has  equally  little  power  of  radiating ;  from  both  causes, 
therefore,  the  effect  or\  the  thermometer  is  imperceptible. 

Ff-pm  the  experiments  now  recited,  Mr  Leslie  draws 
the  conclusion,  that  the  calorific  emanation  is  incapable 
of  permeating  solid  substances.  '  He  farther  infers  that  it 
is  not  light ;  that  it  is  no  subtle  fluid  projected  in  right 
lines  with  velocity,  but  is  merely  the  ambient  air ;  and 
on  this  assumption  rests  the  theory  he  has  given  with  re- 
gard to  the  nature  of  radiant  caloric.  The  surface  of  the 
heatedbody,  he  observes,  communicates  increased  tempera- 
ture to  the  portion  of  air  immediately  in  contact  with  it; 
this  layer  of  air  is  expanded,  and  presses  on  the  portion  be- 
fore it.  This  is  successively  but  rapidly  renewed ;  a  chain  of 
undulations  is  propagated  to  the  mirror,  reflected  and  con- 
centrated in  its  focus,  and  each  pulsation  being  accompa- 
nied by  a  discharge  of  the  caloric  by  which  the  expansion 
exciting  it  had  been  produced,  the  calorific  effect  is  ob- 
tained. When  caloric  is  to  be  propagated  through  a  set 
lid  body,  it  successively  dilates  the  several  portions  of 
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matter  or  layers  which  it  encounters  in  its  jvrogress.  But 
from  the  resistance  it  experiences,  its  expansive  energy  is 
weakened,  and  its  progress  is  therefore  slow.  In  an  elas- 
tic fluid,  however,  like  air,  Mr  Leslie  conceives  that  there 
is  little  obstacle  of  this  kind;  each  atmospheric  wave,  in 
communicating  a  pulsation  to  the  air  before  it,  discharges 
with  that  pulsation  its  excess  of  caloric,  and  hence  the 
whole  is  conveyed  with  the  greatest  velocity.  "  The  par- 
ticles of  air  in  immediate  proximity  to  a  hot  surface,  be- 
coming suddenly  heated,  acquire  a  corresponding  expan- 
sion that  propagates  itself  in  an  extended  chain  of  undula- 
tion ;  and  the  minute  portion  of  heat  which  generated  the 
initial  wave,  thenceforth  accompanies  its  rapid  diffusive 
sweep.    After  a  momentary  pause,  a  fresh  portion  of 
heat  is  again  imparted  to  the  contiguous  medium,  and  the 
act  is  continually  repeated,  at  certain  regular  intervals. 
The  mass  of  air,  without  sensibly  changing  its  place,  suf- 
fers only  a  slight  fluctuation  as  it  successively  feels  the  par- 
tial swell,  but  the  heat  attached  to  this  state  of  dilatation  is 
actually  transported,  and  with  the  swiftness  of  sound." 

On  this  hypothesis  Mr  Leslie  explains  the  principal 
facts  with  regard  to  radiant  caloric.  It  is  obvious  that 
the  higher  the  temperature  of  the  surface  is  from  which 
the  chain  of  pulsations  commences,  the  more  must  the  at- 
mospheric air  be  heated,  the  expansion  will  be  greater,  or 
will  be  more  rapidly  renewed,  and  hence  the  calorific  e- 
manation  will  appear  to  be  greater.  But  difi^erent  kinds 
of  surface  at  the  same  temperature  radiate  apparently 
very  different  quantities  of  caloric,  a  difference  which 
Mr  Leslie  supposes  to  arise  from  the  more  or  less  perfect 
contact  of  atmospheric  air  with  these  surfaces;  those 
with  which  the  air  can  come  into  closest  contact,  will 
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ol  course  communicate  to  it  the  largest  quantity  of  cal- 
oric, or  will  communicate  it  most  rapidly,  and  from 
them,  therefore,  tlie  calorific  emanation  at  a  given  tem- 
perature will  appear  to  be  greatest.  For  the  same  reason, 
such  surfaces  -will  be  those  which  absorb  most  readily 
what  is  termed  radiant  caloric,  or  which,  in  experiments 
like  the  preceding,  will  be  most  heated.  And,  lastly,  on 
the  same  hypothesis,  the  effect  of  skreens  interposed  be- 
tween the  hot  body  and  the  mirror  is  explained  ;  they 
will  always  arrest  a  part  of  the  calorific  radiation  by  in- 
tercepting the  chain  of  pulsation,  while  at  the  same  time 
being  capable,  to  a  certain  extent,  of  putting  the  atmos- 
pheric air  into  such  a  state,  they  will  propagate  it  in 
part,  and  those  which  will  do  so  to  the  greatest  extent 
will  be  those  which  are  best  adapted  to  excite  originally 
such  undulations  ;  a  conclusion  which  strictly  accords 
with  the  fact. 

With  regard  to  this  hypothesis,  I  must  observe,  that 
though  it  is  one  which  may  be  assumed  to  explain  the 
phenomena,  it  does  not  appear  to  follow  necessarily,  as 
Mr  Leslie  has  presumed  that  it  does,  from  the  particular 
phenomena  from  which  it  is  inferred,  Thj  phenomena  are 
those  which  relate  to  the  effect  of  interposed  skreens, 
which  he  regards  as  explicable  only  on  the  hypothesis  of 
the  air  being  the  vehicle  of  the  communication  of  heat. 
But  in  drawing  this  conclusion,  he  takes  for  granted, 
that  by  those  who  maintain  the  existence  of  radiant  cal- 
oric as  a  distinct  matter,  the  eflect  of  these  skreens  must 
be  explained,  on  the  supposition  that  they  allow  part  of 
the  radiant  caloric  to  pass  through,  while  they  arrest  the 
rest, — an  hypothesis  which,  it  has  already  been  observed, 
does  not  appear  to  accord  with  the  facts.    It  is  not  ne- 
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cessary,  however,  that  this  hypothesis  should  be  assum- 
ed, or  that  it  should  be  supposed,  admitting  the  existence 
of  rays  of  caloric,  that  they  must  be  capable  of  penetrat- 
hig  in  part  transparent  bodies,  and  that  to  this  the  effect  of 
the  interposed  skreens  must  be  ascribed.  On  the  con- 
trary, the  phenomena  may  be  accounted  for  on  the  prin- 
ciples already  stated, — that  the  substance  of  the  skreen 
at  one  surface  intercepts  the  whole  of  the  calorific  rays ; 
that  by  this  its  temperature  is  raised,  and  it  then  begins 
to  radiate  caloric  from  the  other,  in  quantity  proportion- 
ed to  the  power  of  the  interposed  substance  of  absorbing 
and  emitting  caloric.  In  truth,  the  explanation  may  on 
either  hypothesis  be  the  same.  The  effect  on  the  ther- 
mometer, when  a  skreen  is  interposed,  may  be  ascribed 
to  the  interposed  substance  receiving  caloric  at  the  one 
surface,  and  discharging  it  at  the  other  ;  and  this,  whether 
the  caloric  conveyed  to  it  o.t  the  one  side,  or  discharged  from 
it  on  the  other,  be  supposed  to  be  propagated  by  pulsations 
in  the  atmosphere,  or  by  actual  projection  of  calorific 
particles.  And  on  either  hypothesis,  those  substances 
which  are  best  disposed  to  receive  on  the  one  hand,  and 
give  it  out  on  the  other,  such  as  glass  or  paper,  will  be 
those  which  will  admit  of  the  greatest  effect  being  still 
produced  on  the  thermometer,  while  those  which  are 
least  adapted  to  receive  or  to  radiate,  caloric,  as  metals, 
will  be  those  least  capable  of  propagating  either  the  pulsa- 
tion, or  the  calorific  emanation.  And,  after  all,  it  is  not 
clear,  but  that  these  skreens  may  operate  by  allowing 
part  of  the  caloric  to  pass  through  them  ;  for  if  we  sup- 
pose, what  is  not  improbable,  that  they  acquire  this  power 
when  their  temperature  is  raised,  though  previous  to  their 
being  heated  they  arrest  the  calorific  rays,  or  admit  only 
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of  a  small  portion  of  them  being  transmitted,  all  the  facts 
with  regard  to  their  action  may  be-explained. 

Nor,  I  confess,  does  it  appear  to  me,  that  the  pheno- 
mena are  even  explained  on  the  hypothesis  that  the  air  is 
the  medium  of  communication.  The  leading  phenomenon, 
the  velocity  of  communication,  appears  in  particular  to  be 
very  imperfectly  accounted  for.    It  is  admitted  by  Mr 
Leslie,  that  it  cannot  be  supposed,  that  a  succession  of 
heated  particles  of  air  moves  from  the  hot  body,  or  that 
the  particles  heated  at  its  surface  are  darted  forward,  and 
impinge  on  the  body  the  temperature  of  w^hich  is  raised. 
Neither  is  it  imagined,  vv^hat  is  indeed  equally  liable  to 
objection,  that  by  a  chain  of  undulations,  the  portion  of  air 
heated  and  expanded  at  the  hot  surface,  changes  its  place, 
is  moved  forwards,  reaches  the  thermometer,  and  is  suc- 
ceeded by  a  new  wave  of  heated  air,  which  observes  the 
same  motion.    It  is  supposed,  that  by  the  heated  body, 
the  air  is  thrown  into  oscillations  or  undulations  •,  that 
1     these  continually  renewed  at  its  surface,  are  propagated 
j     in  a  right  line,  and  that  at  each  undulation,  the  caloric  is 
discharged,  so  as  to  be  conveyed  forward  with  the  same 
velocity  *.    But,  while  it  is  admitted,  that  such  undula- 
tions might  be  excited,  by  what  agency  is  this  trartsfer  of 
-     caloric  efrected  ?  Suppose  a  layer  of  air  to  receive  heat 
from  the  hot  body,  and  to  be  expanded,  from  this  expan- 
sion it  may  press  on  the  contiguous  layer  ;  but  we  have 
a  very  imperfect  glimpse  of  any  law  by  which  it  shall 
follow,  that  while  it  impresses  this  motion,  it  shaH,  at  the 
same  time,  discharge  the  heat  it  had  received  ;  or  if  there 
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is  any  necessary  connection  between  these  events,  in  con- 
sequence of  which  the  one  shall  accompany  the  other, 
how  is  the  slow  communication  of  caloric  tlirough  aerial 
fluids  to  be  explained  ? 

I  may  add,  that  Mr  Leslie's  explanation  is  Incompati- 
ble with  the  facts  established  by  the  experiments  of  Her- 
schel  and  Englefield,  as  to  the  existence  of  a  calorific 
matter  in  the  solar  rays.  These  prove  the  existence  of 
radiant  caloric  as  a  distinct  subtle  matter,  capable  of  ra- 
pid projectile  motion,  and  until  invalidated  by  experiment, 
must  be  regarded  as  affording  proof  of  the  truth  of  the 
common  opinion. 

The  last  experiments  on  this  subject  of  which  I  have 
to  take  notice,  are  those  by  Count  Rumford,  published 
subsequent  to  Mr  Leslie's,  and,  so  far  as  they  extend,  ex- 
tremely similar  to  them  ;  so  much  so,  indeed,  that  it  is 
unnecessary  to  do  more  than  state  their  results.  A 
polished  metallic  surface,  he  found  to  radiate  much  less 
caloric  than  a  metallic  suiface  at  the  same  temperature 
blackened.  The  different  metals,  when  at  the  same  ten>- 
perature,  according  to  his  experiments,  have  the  same 
power  of  radiating  caloric  ;  which,  however,  does  not 
accord  with  the  experiments  of  Mr  Leslie.  Animal  sub- 
Stances,  such  as  membrane,  he  describes  as  throwing  off 
much  more  calorific  matter  by  radiation,  not  less  than  25 
times  more,  than  a  polished  metallic  surface  at  the  same 
temperature.  And  he  adds  the  general  remark,  that  the 
comparative  powers  of  these  substances  are  the  same  in 
absorbing  as  in  radiating  caloric  *. 


*'  Philosoph.  Trans,  for  1804-,  p. ^09.  112.  119.  128. 
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Count  Rumford,  not  admitting  the  existence  of  caloric 
as  a  distinct  matter,  endeavours  to  explain  the  phenomena 
of  radiant  caloric  from  the  hypothesis  of  undulations 
excited  by  bodies  at  high  temperatures  in  an  etherial  me- 
dium. 

Besides  the  theories  of  radiant  caloric  which  I  have  al- 
ready stated,  I  may,  in  concluding  its  history,  take  notLce, 
briefly,  of  the  hypothesis  with  regard  to  it  which  was  ad- 
vanced by  Dr  Hutton.  Conceiving  it  to  be  an  unphilo- 
soplucal  assumption,  that  caloric  is  capable  of  radiation, 
he  endeavoured  to  shew,  that  light  is  the  agent  concerii- 
ed  in  the  production  of  these  phenomena.  Assuming, 
that  the  heating  power  of  the  different  species  of  visible 
light,  is  not  proportioned  to  their  power  of  exciting  vision, 
he  conceived  that  there  might  be  a  species  of  light  capa- 
ble of  exciting  temperature,  but  incapable  of  producing 
illumination.  And  what  has  been  termed  Radiant  Calo- 
ric, Dr  Hutton  supposed  may  be  light  of  this  kind. 

The  objection  to  the  common  theory  of  radiant  caloric, 
from  which  this  hypothesis  has  been  deduced, — that  calo- 
ric cannot  be  supposed  capable  of  radiation,  and  that  the 
proper-t-y  of  moving  in  right  lines,  with  great  velocity, 
must  belong  to  some  species  of  light,  is  a  merg  assump- 
jtion,  in  support  of  which  no  evidence  is  attempted  to  be 
(ibrought.    If  caloric  be  admitted  to  be  a  subtle  matter, 
'stii  generisy  there  is  no  incongruity  in  the  supposition,  that; 
its  particles  may  be  projected  from  bodies,  and  that  these,* 
in  moving,  may  obey  similar  laws  to  those  of  light ;  nor, 
jdoes  it  at  all  follow,  that  light  should  be  the  only  matter 
tesusceptlble  of  this  projectile  motion. 
)    In  their  properties  they  are  so  dissimilar,  that  we 
?    Vol.  I.  y  • 
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must  regard  them  as  distinct  kinds  of  matter.  The  caTo- 
rific  rays  are  incapable  of  exciting  vision  ;  nor  is  this 
owing  merely  to  their  tenuity,  since,  when  concentrated 
by  a  mirror,  they  do  not  produce  any  sensible  illumina- 
tion. While  light  passes  with  facility  through  rare  media, 
through  transparent  fluids,  and  through  ^lass,  radiant  ca- 
loric does  not  pass  through  fluids,  is  in  a  great  measure 
arrested  by  glass,  and  according  to  the  experiments  of 
Pictet,  is  retarded  in  its  motion  even  by  the  atmospheric 
air.  Nor  can  we  trace  any  intimate  connection  between 
them  in  their  chemical-  properties.  Light  exerts  certain 
chemical  agencies  by  which  it  is  characterized  as  a  pecu- 
liar kind  of  matter.  Now  these  properties  are  not  possess- 
ed by  radiant  caloric  ;  nay,  what  at  once  shews  the  oppo- 
sition between  them,  the  peculiar  agencies  of  light  are 
exerted  with  most  eff^ect,  as  I  shall  afterw.ards  have  Cu 
state,  by  those  rays  which  have  the  least  heating  power, 
the  indigo  and  the  violet;  while,  by  those  which  are  most 
powerful  in  exciting  heat — the  red  rays,  the  chemical  ef- 
fects are  produced  in  the  weakest  degree;  and  radiant  ca- 
loric, unconnected  with  light,  is  entirely  destitute  of  these 
peculiar  chemical  powers,  as  I  hav^  found  by  experiment. 
If  a  distinction  is  to  be  established  between  two  bodies, 
it  must  be  drawn  chiefly  from  a  comparison  of  their  che- 
mical properties,  and  if  these  differ,  they  must  be  regard- 
ed as  distinct  kinds  of  matter. 

'  Lastly,  The  very  foundation  of  Dr  Hutton's  hypothesis 
is  overturned  ;  for  it  may  be  justly  questioned,  whether 
any  of  the  species  of  light  have  the  power  of  exciting 
heat.  From  the  experiments  of  Herschel,  already  stated, 
it  appears)  that  the  heating  power  of  the  solar  rays  is 
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o^^•lng  to  the  radiant  caloric  associated  with  the  visible 
light.  When  a  solar  ray  is  decomposed  by  a  prism,  the 
less  refrangible  calorific  rays  are  separated  from  the  rays 
of  light  which  are  more  refrangible,  and  the  more  com- 
plete the  separation  is,  the  less  heating  power  is  discover- 
able in  that  part  of  the  spectrum  which  the  visible  rays 
occupy^;  and  were  the  whole  rays  of  caloric  withdrawn, 
we  have  no  reason  to  believe,  that  the  visible  rays  of  light 
would  excite  any  heat.  The  hypothesis  of  Dr  Hutton, 
therefore,  must  be  relinquished,  since  the  phenomena  o£ 
radiant  caloric  cannot  be  explained  on  the  sUjiposition 
that  it  is  a  species  of  light,  if  light  itself,  apart  from  this 
matter,  has  actually  no  heating  power. 

There  is  no  doubt,  however,  a  connection  between  light 
and  radiant  caloric,  not  yet  perhaps  fully  traced.  There 
is  even  a  gradation  in  the  properties  of  radiant  caloric, 
connected  with  its  association  with  light,  as  is  very  dis- 
tinctly  shewn  by  the  facts,  that  the  calorific  rays  projected, 
from  heated  bodies,  are  nearly  incapable  of  penetrating 
glass,  while  those  existing  in  the  solar  beam  are  transmit- 
ted through  it  with  little  impediment;  and  that  these  rays 
differ  in  the  order  of  their  refrangibility,  those  being  most 
refrangible  which  have  least  heating  power.  Were  the 
materiality  of  caloric  established,  the  hypothesis  might  not 
perhaps  be  an  improbable  one,  that  radiant  caloric  may  be 
composed  of  light  and  caloric, — that  this  combination  may- 
take  place  in  different  proportions,  giving  rise  to  rays  o£ 
different  powers,  and  may  extend  even  to  the  different 
rays  of  visible  light. 

From  the  various  experiments  I  have  now  stated,  it  ap- 
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pears,  that  caloric  is  tllffused  over  matter  in  two  modes. 
One  part  of  it  i$  thrown  from  the  surface  of  bodies,  in 
right  lines,  with  the  greatest  velocity,  while  another  part 
is  more  slowly  diffused,  by  communication  from  particle 
to  particle,  until  an  equilibrium  of  temperature  is  estab- 
lished. 

It  would  be  interesting  to  dipcover  what  is  the  relation 
between  these  two  modes.  By  comparing  the  experi- 
ments on  the  radiating  powers  of  bodies,  with  those  on 
their  conducting  powers,  it  appears  to  me  that  the  pro- 
position, that  they  are  inversely  as  each  other,  is  nearly 
just.  Thus  the  metals  are  the  best  conductors,  but  they 
are  least  powerful  .in  radiating  ■,  glass  radiates  powerfully, 
while  it  conducts  very  imperfectly.  A  spongy  covering 
diminishes  much  the  conducting  power,  while  it  augments 
greatly  the  radiation.  Nor  is  there  merely  this  general 
coincidence  with  the  law  I  have  stated  j  we  farther  find 
it  confirmed  in  more  minute  dlfFerences.  According  to 
Mr  Leslie's  experiments,  the  radiating  power  of  lead  being 
as  19'^,  that  of  iroji  is  15°,  and  of  tin  12**  *;  but,  accord- 
ing to  the  experiments  of  Ingenhouz,  already  quoted,  and 
which,  in  determining  this  question,  are  to  be  preferred 
to  Richraan's,  as  the  conducting  was  ascertained  apart 
from  the  radiating  power,  lead  is  the  worst  conductor, 
iron  is  superior  to  it,  and  tin  again  is  superior  to  iron. 
Hence,  in  the  general  point  of  view  under  which  such 
experiments  ought  to  be  taken,  it  appears  to  follow  that 
the  radiating  is  inversely  as  the  conducting  power. 

It  is  diflTicult  to  discover  what  proportion  the  caloric 
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discharged  by  radiation  from  a  body  suiFering  reduction 
of  temperature,  bears  to  thac  which  it  gives  out  by  slow 
communication,  or  in  which  of  these  modes  the  greater 
quantity  of  caloric  is  discharged.  On  this  interesting  sub- 
ject, some  experiments  have  been  made  by  Mr  Leslie, 
and  with  some  similar  ones  by  Count  Rumford,  afFord  us 
the  only  information  we  have  with  regjtrd  to  it. 

That  the  slow  con>mtjnication  of  caloric  to  the  surround- 
ing medium,  has  an  important  share  in  the  cooling  of  bo- 
dies, is  evident  from  the  familiar  fact  that  the  celerity  of 
cooling  is  different,  according  to  the  nature  of  that  medi- 
um 5  and  In  particular  id  greater  or  less,  according  as  the 
matter  in  contact  with  it  is  a  better  or  woi'st  conductor 
6f  caloric.  Suppose  a  thermometer  at  a  high  temperature 
is  suspended  in  the  Torricellian  vacuum,  it  will  begin  to 
cool,  and  will  continue  to  do  so  until.it  arrive  at  the  tem- 
perature of  the  surrounding  medium.  The  time  of  its 
cooling,  from  190°  to  68°,  being  the  temperature  of  the 
i&xternal  atmosphere,  was  found  by  Count  Rumford  to 
be  10'  12".  When  surrounded  with  atmospheric  air  con- 
fined in  a  vessel  having  the  same  space  as  the  vacuum, 
the  time  of  cooling  the  same  extent  was  onlyG'  11".  If 
plunged  in  water,  jt  would,  from  the  general  result  of 
Rumford's  experiments,  have  cooled  in  1'57",  andinquick- 
Silver  is  not  more  than  36"  *.  And  in  these  cases  it 
Vill  also  be  found,  that  the  different  substances  have  suf- 
fered different  augmentations  of  temperature,  and  that 
they  have  therefore  influenced  the  cooling  by  their  dif- 
ferent conducting  powers.  Here,  therefore,  it  is  obvious 
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that  the  surrounding  matter,  though  it  might  impede  the 
radiation,  has  on  the  whole  accelerated  the  cooHng. 

The  same  fact  is  demonstrated  by  the  effect  of  a  current 
of  air  in  accelerating  refrigeration,  and  which  is  indepen- 
dent of  any  influence  on  radiation.  Mr  Leslie  exposed 
two  tin  globes,  filled  with  warm  water,  the  surface  of  one 
being  painted  with  lamp-black,  that  of  the  other  being  un- 
covered, to  air'in  different  states  of  motion.  When  ex- 
posed to  a  gentle  breeze,  the  unpainted  globe  lost  half  its 
heat  in  44<  minutes,  the  painted  one  half  its  heat  in  35'. 
When  exposed  to  a  strong  breeze,  the  times  were  23'  and 
2()J',  and  to  a  vehement  breeze  only  and  9'*.  Here 
we  perceive  clearly  the  influence  of  the  conducting  power 
on  the  refrigeration.  The  atmospheric  current  could  not 
accelerate  the  radiation,  but  it  would  materially  the  slow 
abstraction,  by  removing  mor.e  quickly  the  heated  air,  and 
,  applying  a  fresh  portion  at  a  lower  temperature.  And  it 
appears  that  its  effect  on  both  surfaces  was  nearly  or  pre- 
cisely the  same,  since  in  proportion  as  the  current  or 
change  of  atmosphere  was  rendered  more  rapid,  and  of 
course  predominant  over  the  other  cooling  causes,  the 
rate  of  cooling  in  the  globes  approached  more  to  jequali- 

The  effect  of  the  radiation  from  a  hot  body  on  its  cool- 
ing, has  been  ascertained  by  Mr  Leslie,  by  some  very  ex- 
cellent experiments  made  by  cooling  water  in  vessels,  the 
surfaces  of  which  radiated  unequally,  and  observing  the 
effect  on  their  times  of  cooling. 

A  hollow  globe  of"  tin  filled  with  warm  water,  and  hr.- 
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Ytng  a  thermometer  Inserted  in  it,  was  exposed  to  the  air 
of  a  room,  the  temperature  of  which  was  15  of  the  centi- 
grade scale,  and  its  progress  in  cooling  observed.  It 
sunk  from  35°  to  25"  of  that  scale,  in  156  minutes.  It 
was  then  coated  with  lamp-black,  and  on  repeating  the 
experiment,  the  time  requisite  for  the  same  extent,  of 
cooling  was  only  81  minutes*.  The  experiment  shews 
clearly  the  superiority  of  radiation  to  slow  evolution  in  re- 
ducing temperature,  since  even  when  the  globe  was  co- 
vered with  a  substance  which  is  no  doubt  a  bad  conduc- 
tor, instead  of  cooling  more  slowly,  it  cooled  faster,  from 
this  covering  promoting  radiation. 

It  is  to  be  observed,  however,  that  this  proportion  will 
not  be  the  same  at  all  temperatures,  and  it  is  necessary  to 
attend  to  a  circumstance  by  which  it  is  altered.  The 
cooling  of  a  body  in  atmospheric  air,  is  accelerated  by  the 
current  formed  from  the  expansion  the  air  suffers  by  its 
temperature  being  raised.    Now,  at  high  temperatures, 
the  contiguous  air  being  more  quickly  heated  than  at  low- 
er temperatures,  this  current  ascending  from  the  heated 
i  body,  will  be  more  rapid,  and  will,  therefore,  have  a 
f  greater  effect  in  reducing  its  temperature.  Accordingly, 
1  by  repeating  the  experiment  at  a  higher  temperature,  (80 
:  degrees  above  that  of  the  surrounding  atmosphere),  Mr 
P  Leslie  found  the  proportion  different :  the  respective  rates 
of  cooling  of  the  unpainted  and  the  painted  ball,  which  by 
the  former  experiment  were  as  13°  to  25^,  were  now  as 
13°  to  19"  j  and  from  the  two  he  established  the  general 
fesult,  "  that  at  low  temperatures  the  portion  6f  heat  dis- 


*  Inquiry,  p.  268. 
U  4. 


r312 


llADIATION 


**  sipated  from  a  painted  surface,  by  the  repetition  of  aer 
"  ial  contact,  is  somewhat  less,  and  in  high  temperature. 
«  considerably  greater  than  what  is  spent  by  radiation 

Similar  differences  are  found  to  exist,  when  experi- 
ments are  made  on  a  metallic  vessel,  and  on  the  same 
vessel  coated  with  isinglass  or  covered  with  paper,  or  on 
3  thermometer,  with  its  bulb  uncovered,  and  covered  I 
■with  gilding ;  and  from  these  also,  similar  conclusion 
are  deduced.  And,  lastly,  the  general  effect  of  radiation 
I  in  cooling  bodies,  though  not  its  precise  extent,  is  shewn 
by  the  striking  fact,  that  the  peculiar  nature  of  the  sur- 
face has  no  effect  on  the  celerity  of  cooling,  when  the 
body  is  immersed  In  water ;  the  unpainted  and  the  paint- 
ed globe,  for  example.  It  was  ascertained  by  Mr  Leslie, 
losing  their  heat  in  water  with  exactly  the  same  facility  f . 
The  reason  is,  that  the  radiation  of  caloric  does  not  take 
place,  when  the  body  is  immersed  in  a  fluid,  and  hence 
its  cooling  must  be  effected  entirely  by  the  slow  evolu- 
tion of  caloric,  and  must  be  dependent  partly  on  the  con- 
ducting power  of  the  fluid,  arid  partly  on  its  expansibi- 
lity and  mobility,  by  which  its  internal  motions  will  be 
accelerated. 

These  observations  on  the  effect  of  these  circumstan- 
ces in  accelerating  refrigeration,  open  a  field  of  investiga- 
tion which  may  be  of  much  importance  in  practical  che- 
mistry, and  some  singular  facts  with  regard  to  it  have 
been  discovered  by  Mr  Leslie,  particularly  on  the  times 
of  cooling  in  vessels,  the  surfaces  of  which  are  variously 
altered  J. 
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A  tin  vessel  filled  with  boiling  water,  suffered  a  re- 
duction of  temperature  from  60  to  30  degrees  of  the  cen- 
tigrade scale  in  81  minutes.     Wheft  the  sides  were  rub- 
bed with  quicksilver,  it  made  the  sarhe  descent  in  78'. 
The  clean  instrument  sunk  from  30^  to  IS**  above  the 
temperature  of  the  air  of  the  room  in  108';  when  rub- 
bed over  with  oil  in  87' ;  and  when  covered  with  bibul- 
ous paper  soaked  in  oil  in  58'.    The  metallic  vessel  filled 
with  warm  water  sunk  from  20°  to  ,10^  above  the  tem- 
perature of  the  room  in  117';  when  covered  with  a 
pellicle  of  isinglass,  it  cooled  much  more  quickly,  arid 
that  with  a  celerity  proportioned  to  the  thickness  of  the 
pellicle.    With  one  calculated  to  be  the  50.000th  of  an 
inch  thick,  it  sunk  to  the  same  extent  in  101',  with  one 
the  10.000th  in  82',  with  one  equal  to  the  1.000th  in 
63',  and  with  one  equal  to  the  300th  in  61'.    These  re- 
sults are  striking,  since  the  coverings  given  to  the  sur- 
faces must  have  impaired  the  conducting  faculty,  but  this 
was  more  than  compensated  for,  by  the  increase  they 
gave  of  radiating  power.    At  the  same  time  there  can  be 
no  doubt,  but  that  if  these  additional  coverings  be  made 
too  thick,  they  may  counterbalance  the  increased  radia- 
tion, by  acting  as  an  imperfect  conducting  medium. 
This  is  very  evident  in  an  experiment  of  Pictet,  in  which 
the  bulb  of  a  thermometer,  blackened  by  being  held  over 
the  flame  of  a  candle,  was  more  Quickly  heated  than  when 
clear,  yet,  at  the  same  time,  instead  of  likewise  cooling 
faster,  it  cooled  more  slowly,  in  the  proportion  of  5  to  6, 
the  thickness  of  the  covering  no  doubt  impeding  the  dis- 
charge by  communication,  more  than  that  by  radiation 
was  augmented. 
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Count  Runiford  has  made  some  similar  observation?. 
Thus  a  metaUic  cylindrical  vessel,  with  its  sides  bright, 
and  filled  with  warm  water,  requiring  55  minutes  to  cool 
a  certain  extent  of  the 'thermometrical  scale,  a  similar 
vessel,  when  its  sides  were  covered  with  linen,  cooled  to 
the  same  extent  in  36^  minutes'  •,  when  covered  with  a 
coating  of  glue,  it  cooled  in  V^-^  minutes,  and  when  an 
additional  coating  was  put  upon  it,  in  37-^.  Varnisliirig 
the  surfaces  had  the  same  effect,  the  maximum  being  at  4 
coatings,  when  it  cooled  in  30;^  minutes.  A  covering  of 
lamp-black  caused  it  to  cool  in  34*  *. 

A  conclusion  somewhat  singular  appears,  to  be  esta-r 
blished  by  some  of  Count  Rumford's  experiments,  that 
water  in  vessels  of  different  metals  cools  with  precisely 
the  same  celerity.  His  standard  vessel  was  of  brass ; 
^nd  repeating  the  experiment  with  it  covered  with  gold 
and  silver  leaf,  and  likewise  in  similar  vessels  of  lead  and 
tinned  iron,  the  times  of  cooling  were  in  all  of  them  pre- 
cisely  the  same  f.  We  have  seen,  that  the  conducting 
power  of  the  substance  has  always  a  certain  effect  on  the 
cooling  j  and  in  tins  power  these  metals  differ  consider- 
ably. We  might  expect,  therefore,  that,  from  this  cause, 
the  times  of  cooling  in  these  experiments  would  be  differ- 
ent. It  appears,  too,  from  Mr  Leslie's  experiments,  that 
the  metals  differ  even  in  their  radiating  power,  as  has 
been  already  ' stated  •,  and  by  this  the  results  must  be 
varied.  Perhaps,.howevcr,  these  experiments  throw  light 
on  each  other.    We  have  seen  reason  already  to  con* 
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of  .g  reOrij^eration,  ^e  abu#<i<uitly  obvious. 

!ie  have  been  particularly  pointed  out  by'Count  Rum- 
-d  metallic  j>urf«cfcs  being  ti>ot>e  >irhich  radi- 
quatitity  ^  caipric,  iii  <;ase8  wliereitib  wi^h- 
to  prevent  a  €uid  from  cooiiog  <yiicJdy,  tiie  /eod  iviU 
.    ,   .er  attained  by  confining  it  in  a  metallic  vessel,  the 
surface  <3f  wrhich  is  bright,  than  if  it  were  covered  with 
matter,  ;is,  on  the  supposition  of  impairing  its  coa- 
sting power,  we  might  be  led  to  <io.    On  the  other 
..liA,  if  our  object  be  to  cool  the  liquor  as  speedily  as 
possible   the  external  surface  of  the  vessel  should  he 
paajied  or  blackened.    Metallic  tubes,  for  oonveying  or 
if:':;!,;^  Steam,  without  condensing  it,  as  those  used  ifi 
e"giae,  should  be  kept  cleap  and  bright  on 
-ir  external  surface,  while,  if  our  object  is  to  condense 
■  steam  as  q^ckly  as  possible,  as  in  heating  rooms  by 
they  ought  to  be  painted  or  covered  with  any  substance 
ich  radiates  caloric  abundantly  *  . 
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The  times  of  refrigeration  of  bodies  Were  found  by  Mr 
Leslie  to  be  different  in  different  elastic  fluids,  and  in  the 
same  elastic  fluid  in  different  states  of  density.  In  re- 
ducing temperature,  oxygen  and  nitrogen  gases  appear  in- 
deed to  be  nearly  equal.  But  carbonic  acid  gas  abstracts  the 
heat  from  a  Vitreous  surface  about  an  eighth  part  slower^ 
and  from  a  surface  of  metal  one-fourth  slower  than  com- 
mon air.  Hydrogen  gas,  on  the  contrary,  abstracts  it 
much  more  rapidly;  its  power  in  taking  it  from  a  vitreous 
surface  is  more  than  double  that  of  atmospheric  air ;  and 
from  a  surface  of  metal  is  nearly  four  times  greater.  When 
the  elastic  fluid  is  rarified,  its  power  in  reducing  tem- 
perature is  diminished  *. 

These  differences  have  been  made  the  subject  of  ex- 
peiimeiit  by  Mr  Dafton  f,  and  similar  results  established, 
as  is  shewn  by  the  following  table. 

Thermometer  immersed  cooled  in 
In  carbonic  acid  gas            -           -     _  -       -  112" 
 sulphuret.  hydrogen,  nitrous  oxide,  and  oleliant  gas,  100"4- 

—  common  air,  azotic  and  oxygen  gas,       -     -  100" 

—  nitrous  gas,       -  -  -         -  90" 

—  carburetted  hydrogen  or  coal  gas,        -        -  70" 

—  hydrogen,         -        -       -        -       -       -  40'' 

In  another  table,  the  power  of  air  in  coolmg  bodies,  as 
connected  with  its  density,  is  shewn. 
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pensity  of  the  air.  Therm,  cools  in 

2     -        -  -       -  85" 

1     _      .  .      -  100" 

i    .        -  -      -  116" 

i    .      .  -       -  128" 

i    _       .  -       -  14-0" 


I 


"3Y 


160" 
170" 


rrom  the  effect  on  the  time  of  refrigeration,  in  elastic 
fluids,  on  metallic  and  vitreous  surface,  Mr  Leslie  infers 
that  the  differences  among  them  in  causing  refrigeration, 
depend  principally  on  their  different  conducting  powers. 
The  discharge  of  heat  from  a  hot  body  by  radiation  ap- 
pears to  be  the  same  in  hydrogen  gas  and  in  atmosphe- 
ric air,  and  is  therefore  probably  the  same  in  all  elastic 
fluids. 


Without  separating  the  effects  of  the  various  modes 
in  which  the  temperature  of  a  body  is  reduced,  it  is  of 
importance  to  know  the  law  it  observes,  and  accordingly 
this  subject — the  actual  rate  of  cooling  of  a  body  in  any 
medium,  has  been  repeatedly  the  subject  of  investigation. 
It  is  obvious,  from  what  has  been  already  stated,  that 
different  bodies  will  cool  with  different  degrees  of  Cele- 
rity, when  placed  even  in  the  same  medium  •,  and  like- 
wise, that  the  same  body  will  cool  with  different  celeri- 
ties in  different  media.  But,  independent  of  such  com- 
parative differences,  what  is  the  rate  of  cooling  in  any 
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body,  in  any  medium,  or  what  is  the  law  it  observes  in 
giving  ofF  its  caloric  ? 

It  could  not  escape  observation,  that  the  greater  the 
difference  between  the  temperature  of  a  hot  body,  and 
that  of  the  surrounding  medium,  the  more  caloric  does 
it  give  out  in  a  certain  tirhe,  and  that  it  communicates 
less,  or  cools  more  slowly,  the  nearer  its  temperature 
approaches  to  that  of  the  matter  around  it.  But  by 
what  proportion  is  this  regulated  ? 

Newton  seems  first  to  have  investigated  this  subject  *. 
From  observing  the  rate  of  cooling  in  a  mass  of  iron, 
which  had  been  raised  to  a  red  heat  and  exposed  to  the 
atmosphere,  and  marking  the  changes  of  temperature  it 
suffered  in  c^tain  times,  he  concluded, ,  that  the  quanti- 
ties of  heat  lost  by  a  body  ifi  small  portions  of  time,  are 
always  proportional  to  the  excess  of  heat  subsisting  in  it, 
or  to  the  excess  of  its  temperature  above  that  of  the  sur- 
rounding medium.  Hence,  taking  the  times  in  arithme- 
tical progression,  the  decrements  of  temperature  will  be 
in  geornetrical  progression ;  and  the  heats  remaining, 
considered  as  the  differences  between  the  temperature  of 
the  body  and  of  the  surrounding  medium,  will  observe 
the  same  law.  This  law  has  been  generalized,  and  ap- 
plied equally  to  the  heating  of  a  body,  by  Richman,  in 
consequence  of  his  own  numerous  experiments,  and  those 
of  Kraft,  and  expressed  in  the  following  terms  :  In  the 
heating  or  cooling  of  a  body  exposed  to  a  medium,  of 
which  the  temperature  is  constant,  the  times  being  in 
arithmetical  progression,   the   differences  between  its 

*  Philosophical  Transactions  abridged,  vol.  iv,  p.  3. 
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■  temperatvure  and  that  of  the  medium  are  in  geometrical 
progression  ♦. 

According  to  this  law,  therefore,  if  a  body,  preserving 
its  form,  be  supposed  to  have  an  excess  of  temperature  a- 
bove  the  surrounding  medium  equal  to  10  degrees,  m 
cooling,  suppose  that  the  first  minufe  it  loses  one  degree, 
the  reduction  the  second  minute  will  still  bear  the  same 
proportion  to  the  remaining  excess;  or  considering  this 
now  as  10°,  it  will  be  -rV  ;  ^^^^  proceeding,  we  find, 
that  each  time  the  tenth  part  of  what  remains  being  evol- 
ved, the  heat  given  out  must  be  Uniformly  diminishing, 
because  the  excess  itself,  of  which  it  is  a  constant  part, 
is  always  becoming  less. 

Experiments  appear  to  agree  in  general  with  this  law. 
Martine  indeed  stated,  that  as  the  result  of  many  obser- 
vations, he  had  found,  •*  that  the  decrements  of  heat  are 
partly  equable,  and  partly  in  proportion-  to  the  subsisting 
heats."    And  therefore  in  cooling,  taking  the  times  in  a- 
i  rithmetical  progression,  the  decrements  of  temperature 
I  may  be  resolved  into  two  series; — in  the  one,  and  that  the 
I  most  important,  they  are  in  proportion  to  the  heats  them- 
!,  selves,  or  in  geometrical  progression  ;  while  in  the  other, 
[;  and  less  important  series,  the  decrements  are  as  the  times, 
i  or  are  always  uniform,  that  is,  equal  quantities  of  heat  are 
.  lost  in  equal  times  f.  This  conclusion,  however,  seems  to 
1  have  been  formed  by  Martine  principally  from  the  consi- 
.  deration,  that  were  the  decrements  in  geometrical  progres- 
■)  sion,  no  two  bodies  once  unequally  heated  can  ever  arrive 

I  _  

{      *  Novi  Comment.  Acad.  Petropolit.  t.  i.  p.  174-, 

;      t  Essay  on  the  Heating  and  Cooling  of  Bodies,  p.  53. 


at  a  perfect  equality  of  temperature  ;  nor  could  any  bo- 
dy heated  above  the  temperature  of  the  surrounding  me- 
dium, ever  truely  arrive  at  that  medium, — corollaries,  no 
doubt,  theoretically  true,  though,  practically,  the  dif- 
ferences in  temperature,  in  both  cases,  must  at  lengtli 
becpme  so  minute  as  to  be  absolutely  inappreciable. 
The  law  of  the  coplipg  of  bpdies,  therefore,  as  stated 
by  Newton,  requires  not  on  this  account  any  correc- 
tion ;  and  the  experiments  by  which  Martine  endea- 
voured to  support  the  view  he  gave,  being  made  with  the 
complicated  pyrometer  of  Muschenbroeck,  and  being  obvi- 
ously inaccurate,  np  reliance  can  be  placed  on  any  conclu- 
sion drawn  from  them.  . 

The  expression  of  the  law,  however,  is  just  only  while 
the  condition  holds  of  the  temperature  of  the  medium  be- 
ing constarit.  If  the  motion  of  the  medium  is  in  the 
least  degree  confined,  as  its  temperature  will  then  increase 
as  It  receives  caloric  from  the  hot  body,  the  cooling  of  the 
latter  will  be  no  longer  in  equable  proportion. 


In  concluding  the  consideration  of  this  part  of  the  his- 
tory of  caloric,  I  have  still  to  take  notice  of  a  very  singu- 
lar experiment,  that  of  the  apparent  radiation  of  cold. 

This  phenomenon  was  first  observed  by  the  Florentine 
Academicians,  though  they  seem  to  have  been  unwilling 
to  admit  its  , reality.  They  describe  their  experiment  in' 
the  following  manner :  «  We  were  desirous  to  try  whe- 
ther a  concave  speculum,  exposed  to  a  mass  of  ice  weigh- 
ing 500  pounds,  would  reflect  any  sensible  degree  of  cold 
on  a  -verv  delicate  thermometer  of  4-00  degrees,  placed  \n 
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its  focus.  The  result  was,  that  the  thermometer  Jnstant- 
IV  sunk :  but  a  doubt  remained,  whether  the  thermometer 
was  acted  on  more  by  the  direct  cold  of  the  Ice,  or  that 
reflected  by  the  speculum.    This  doubt  was  removed  by 
covering  the  speculum;  and  certain  it  is,  (whatsoever 
ght  be  the  cause),  that  the  spirit  instantly  began  totfee 
ain.   Yet  still  we  will  not  presume  positively  to  afEi?rtt; 
ihat  this  rise  might  not  have  been  owing  to  some  other 
c.mse  than  the  taking  off  the  reflection  from  the  speculum^ 
all  the  precautions  not  having  been  taken  which  might  be 
iisidered  necessary  to  secure  absolute  assent  to  the  ex- 
periment *," 

Pictet,  after  having  ascertained  the  radiation  of  caloric 
jm  a  hot  body,  with  the  apparatus  already  described, 
iced  in  the  focus  of  one  of  the  mirrors  he  employed,  a 
itrass  filled  with  snow,  and  in  that  of  the  other,  at  the 
listance  of  lOJ  feet,  an  air  thermometer.    The  thermo- 
t'Tieter  instantly  indicated  a  reduction  of  temperature  of 
veral  degrees  •,  and  on  removing  the  matrass,  the  tempe- 
ature  rose.     On  rendering  the  cold  more  intense,  by 
mring  nitrous  acid  on  the  snow,  the  thermometer  sunk 
ive"or  six  degrees  moref.   In  this  experiment,  then,  we 
jave  apparently  displayed  the  radiation  of  cold. 
•  The  subject  has  been  since  prosecuted  particularly  by 
r  Leslie,  and  likewise  by  Count  Rumford  ;  and  this 
jdiant  cold  has  been  found  to  observe,  in  its  relations  tp 
IfFerent  bodies,  the  same  laws  as  radiant  caloric.  Like 
,  it  differs  in  ix; tensity  accoKling  to  the  nature  of  the 
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surface  emitting  it  i  and  the  dlfFcrence  13  of  precisely  th« 
same  nature.  The  cubical  tin  vessel  employed  in  Mr 
Leslie's  experiments,  being  filled  with  ice,  and  opposed 
to  the  thermometer  in  the  focus  of  the  mirror,  the  reduc- 
tion of  temperature  was  found  to  be  least  from  the  metal- 
lic|-«urface,  greater  from  the  glass  surface,  and  still  greater 
■when  the  surface  opposed  had  been  blackened.  The  ef- 
fect varies,  too,  according  as  the  surface  of  the  thermo» 
meter  is  altered  when  it  is  gilt,  the  diminution  of  tem- 
perature is  very  inconsiderable,  while,  when  it  is  blacken- 
ed, it  is  still  greater  than  when  the  glass  surface  is  oppos- 
ed. Lastly,  the  nature  of  the  reflecting  surface  gives  rise 
to  similar  variations  as  in  the  radiation  of  caloric.  The 
effect  is  greatest  from  the  metallic  surface,  less  when  the 
mirror  is  of  glass,  and  still  less  when  its  surface  has  been 
covered  with  lamp-black.  The  powers  of  these  surfaces, 
therefore,  in  radiating  cold,  in  absorbing  it,  and  in  reflect- 
ing it,  are  precisely  the  same  as  their  powers  of  radiating, 
absorbing,  and  reflecting  heat.  Those  which  radiate  it 
best  also  absorb  it  most  readily,  while  these  two  qualitiei 
are  opposed  to  the  reflecting  power. 

The  effects  arising  from  interposed  skreens,  Mr  Leslie 
found  to  be  also  perfectly  alike.  If  a  sheet  of  tinfoil  be 
interposed,  the  action  of  the  cold  body  on  the  thermometer 
is  intercepted  ;  by  a  plate  of  glass,  or  a  sheet  of  paper,  it 
is  only  diminished,  more  or  less  so,  according  to  the  dis- 
tance from  the  cold  substance  ;  and  the  efl^ect  of  blacken- 
ed or  compound  skreens  is  precisely  the  same,  as  has  been 
already  stated,  in  considering  the  phenomena  of  radiant 
caloric. 

In  these  experiments,  then,  we  have  apparently  the 
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.•ruanatlon  from  a  cold  body  of  some  positively  frigorific 
natter,  which  moves  in  right  lines,  is  capable  of  being 
ntercepted,  reflected  and  condensed,  and  of  producing, 
n  its  condensed  state,  its  accumulated  cooling  power  ; 
md  they  appear  equally  conclusive  in  establishing  the 
■xistence  of  radiant  cold,  as  the  other  experin^ents  in  es- 
ablishing  the  existence  of  radiant  heat. 

The  hypothesis,  however,  of  a  frigorific  principle,  has 
)een  banished  from  modern  philosophy,  since  there  was 
10  proof  of  its  existence,  at  least  prior  to  the  present  ex- 
beriments ;  and  since  the  phenomena,  with  the  exception 
\){  those  which  they  present  to  us,  are  explained  with 
more  simplicity,  and  in  a  manner  more  satisfactory  and 
)hilosophical,  merely  from  the  abstraction  of  caloric. 

In  conformity,  therefore,  to  the  doctrine,  that  cold  is 
limply  the  negation  of  heat,  the  necessity  must  be  felt  of 
jiving  an  explanation  of  the  phenomena  established  by 
:hese  experiments,  which  shall  accord  with  that  doctrine, 
md  not  involve  the  supposition  of  the  operation  of  a  po- 
sitive frigorific  power.  Two  such  explanations  have 
been  advanced;  one  sketched  by  Pictet,  the  other  by  Pre- 
rost.  In  both,  caloric  is  supposed  to  escape  by  radiation 
from  the  bulb  of  the  thermometer,  and  to  this  the  diminu- 
tion of  temperature  which  is  produced  is  ascribed. 

The  principle  on  which  the  explanation  given  by  Pre- 
vost  rests  is,  that  caloric  is  radiated  from  all  bodies  at  all 
temperatures,  the  quantity  radiated  being  greater  in  pro- 
portion as  the  temperature  is  high.  When  a  body  is 
placed  before  the  mirror  whose  temperature  is  superior  to 
that  of  the  thermometer  in  its  focus,  though  the  ball  of 
the  thermometer  is  radi^.ting  caloric,  yet  the  hot  body  op- 
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posed  to  it  giving  out  at  the  same  time  more  caloric  in 
the  same  mode,  and  this  being  reflected  on  it  by  the  mir- 
ror, its  temperature  must  rise.  When  both  the  substance 
made  the  subject  of  experiment  and  the  thermometer  are  : 
at  the  same  temperature,  neither  suffers  any  change,  be- 
cause the  quantity  emitted  from, each  being  the  same,  and 
the  reflection  and  condensatiorv  by  the  mirror  being  alilce,  , 
each  receives  as  much  as  it  gives  out.  But  when  the  tern-  - 
perature  of  the  body  placed  before  the  mirror  is  inferior  r 
to  that  of  the  thermometer  in  the  focus,  though  it  is  still  . 
radiating  caloric,  the  quantity  is  inferior  to  what  the  ther- 
mometer radiates  ;  the  latter  therefore  receives  less  than  it  ti 
gives,  and  of  course  its  temperature  must  fall  *.  Dr  Hut- 
ton  gives  a  similar  explanation,  substituting  only  the  term 
invisible  light  for  that  of  heat.    The  explanation  appears  . 
at  first  view  not  unsatisfactory  ;  but  it  will  be  found  de- 
ficient when  applied  to  all  the  phenomena ;  and  it  ap- 
pears, in  particular,  altogether  inconsistent  with  the  effects  . 
of  different  surfaces  in  radiating  cold.    The  principle  of 
the  explanation  is,  that  the  cold  surface  is  radiating  calo- 
ric towards  the  thermometer,  only  in  smaller  quantity 
than  the  therri^ometer  radiates  to  it.    Of  course,  of  dif- 
ferent surfaces,  which  at  a  given  temperature  radiate 
different  quantities  of  caloric,  that  which  radiates  least 
must  be  least  powerful  in  returning  caloric  to  the  ther- 
mometer, and  must  therefore  have  least  effect  in  coun- 
teracting the  reduction  of  its  temperature,  in  other  words 
must  produce  the  greatest  cold.    From  Mr  Leslie's  expe- 
riments, it  is  fully  established,  as  has  been  already  stated, 


♦  Recherches  sur  la  Chaleur,  p.  15. 
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at  a  blackened  surface  is  that  which,  at  a  given  tempe- 
fnre,  radiates  the  largest  quantity  of  caloric, and  a  me- 
allic  surface  that  v/hich  radiates  least.    Were  Prevost's 
"planation  just,  therefore,  the  blackened  surface  Is  the 
ne  which,  in  the  experiment  on  radiant  cold,  ought  to 
^duce  the  least  cooling  effect  on  the  thermometer,  and 
e  metallic  surface  the  greatest.    But  the  fact  is  preclse- 
y  the  reverse  ;  the  cold  being  greatest  when  the  blacken- 
d  surface,  and  least  when  the  metallic  surface,  is  oppo- 
ed  to  the  mirror. 
A  different  explanation  was  proposed  by  Pictet.  The 
diation  of  caloric,  he  conceives,  is  owing  to  the  equili- 
fium  of  tension  in  the  calorific  fluid,  in  a  system  of  bo- 
*es,  being  subverted.    When  a  number  of.bodies  in  the 
eighbourhood  of  each  other  are  at  the  same  temperature, 
ere  is  no  radiation  of  caloric  among  them  ;  because 
hroughout  the  whole,  the  caloric  exists  in  this  equality  of 
tension  or  elasticity,  and  a  resistance  is  every  where  op- 
posed to  its  radiating  from  any  particular  point.    But  if 
a  body  at  a  lower  temperature  be  introduced,  the  balance 
of  tension  is  subverted,  and  caloric  begins  to  radiate  from 
ull  of  them,  until  its  temperature  is  raised  toian  equality 
with  theirs ;  and  on  this  the  result  of  the  experiment  of 
radiant  cold  may  be  explained.    When  the  cold  body  is 
placed  in  the  focus  of  the  mirror,  the  equilibrium  of  elas- 
ticity in  the  state  of  the  caloric  in  the  contiguous  bodies 
ui  broken,  and  caloric  immediately  radiates  in  right  lines, 
towards  it  ;  rays  of  caloric  therefore  pass  from  every  part 
of  the  surface  of  the  mirror,  aud  this  surface  is,  of  course 
cooled.    The  parts  of  the  surface  of  the  mirror  thus  de- 
•essed  in  temperature,  can  only  receive  a  supply  of  calo- 
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ric  in  parallel  rays,  in  a  direct  course  from  the  opposite 
mirror  :  the  corresponding  parts  of  the  surface  of  this  mit- 
ror,  therefore,  giving  out  rays  of  caloric,  also  become  cool-, 
ed,  and  then,  from  the  operation  of  the  same  law,  these  • 
must  be  supplied  by  caloric,  radiating  from  the  thermo- 
meter  in  its  focus.    The  cold  body  thus  acts  as  a  drain 
on  the  thermometer,  and  the  temperature  of  the  latter  is . 
depressed  *.    In  Pictet's  words,  the  experiment  with  the  f 
cold  body  differs  in  nothing  from  that  with  the  hot  one,  , 
but  in  the  direction  in  which  the  calorific  emanation 
moves.    In  the  one,  that,  where  the  heated  ball  is  em-  - 
ployed,  it  proceeds  from  the  ball  by  the  medium  of  the  f 
mirror  to  the  thermometer,  and  in  the  other, — the  expe- 
riment with  the  ice,  it  moves  in  the  opposite  direction  . 
from  the  thermometer,  by  the  same  medium,  to  the  vessel 
in  which  the  ice  is  contained  ;  the  thermometer  being  now 
to  the  ice,  what  in  the  other  experiment  the  ball  is  to  the  f 
thermometer  f . 

This  explanation  is  not  liable  to  the  objection  I  have  ? 
state"ci  to  Prevost's  theory.   As  the  radiation  is  supposed 
to  take  place  in  consequence  of  the  action  of  the  cold 
body,  it  is  regulated  by  it  ;  and  of  different  surfaces  at  a 
given  temperature,  the  blackened  one  is  that  which  is  » 
actually  most  disposed  to  absorb  caloric,  which  may  there- 
fore take  it  in  most  quickly,  and  of  course  produce  the 
most  rapid  depression  of  temperature  in  the  surface  on  ■ 
which  it  Is  made  to  operate. 

*  This  explanation  has  been  given  more  fully  and  distincllj 
than  it  had  before  been  stated  by  Mr  Marline.  (Nicolson's 
Journal,  vol.  20.  p.  S-l-l . 
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it  accords,  too,  sufficiently  with  the  fact,  that  the  frigo- 
rific  effect  is  greater  when  the  ball  of  the  thermometer  is 
blackened,  than  when  it  is  cltjar  or  gilt ;  for  a  blackened 
surface  being  that,  which  at  a  given  temperature  radiates 
the  largest  quantity  of  caloric,  it  may,  when  acted  on  by 
the  cold  mirror,  emit  the  largest  quantity,  and  hence  the 
reduction  of  temperature  be  greatest. 

But  a  difficulty  will  be  found  in  Pictet's  hypothesis, 
-vith  regard  to  the  blackening  of  the  surface  of  the  mir- 
.ror;  for  this  ought,  according  to  the  hypothesis»  to  aug- 
ment the  frigorific  effect,  while,  according  to  Mr  Leslie, 
and  as  I  have  also  found  on  making  the  experiment,  the 
depression  of  the  temperature  of  the  thermometer  is  less 
from  the  action  of  the  cold  body,  when  the  mirror  is 
blackened,  or  is  of  glass,  than  when  its  surface  is  of  po- 
lished metal.  That  the  reverse  ought  to  be  the  case,  will 
appear  from  the  following  consideration.  The  blackened 
and  glass  surfaces  are  superior  to  the  metallic  one,  both  in 
radiating  and  absorbing  power.  If,  therefore,  the  cold 
body  placed  before  the  mirror,  operate  by  causing  radia- 
tion of  caloric  from  it,  the  radiation  ought  to  be  greatest 
from  the  surface  most  disposed  to  radiate,  that  is,  from 
the  glass  or  blackened  one  compared  with  the  metallic  ; 
and  either  of  the  former  ought  therefore  to  act  as  the 
most  powerful  drain  on  the  thermometer  in  its  focus. 
These  surfaces  too  are  superior  in  absorbing  power,  and 
from  thjs  should  act  with  still  more  energy  on  the  ther- 
mometer, at  least  no  cause  can  be  given  why  they  should 
act  with  less. 

The  truth  is,  that  the  explanation,  according  to  Pictet't 
hypothesis  of  radiant  cold,  is  not,  as  he  represented  it,  the. 

X  4 


IlADIATIOy 


same  as  that  of  radiant  heat,  the  caloric  only  moving  in 
an  opposite  direction.    In  the  experiment  with  a  heated 
body,  the  mirror  merely  reflects  the  rays  of  caloric,  which 
are  projected  on  it  from  the  hot  body ;  in  the  experi- 
ment with  a  cold  body,  the  mirror,  on  the  contrary,  acts  a 
more  important  part ;  it  is  supposed  to  radiate  directly,  or 
to  afford  the  caloric  which  the  cold  substance  requires, 
and  thus  ultimately  acts  as  a  drain  on  the  thermometer. 
And  from  this  difference,  the  explanation  which  can  be 
given  ef.the  inferior  effect  obtained  in  the  experiment  of 
radiant  heat,  when  the  mirror  is  blackened,  or  is  of  glass 
—that  such  surfaces  are  inferior  to  metal  in  reflecting 
caloric,  cannot  be  applied  to  the  experiment  of  radiant 
cold  •,  and  their  effect  with  regard  to  this,  is  even  differ- 
ent from  what  it  ought  to  be,  were  the  theory  just.  This 
objection,  it  must  be  acknowledged,  does  .lot  apply  to 
Prevost's  theory  ;  as,  according  to  it,  the  mirrors  act  sim- 
ply as  reflectors  :  but  then  that  theory  is  incompatible 
with  the  fact,  with  which  Pictet's  explanation  sufEciently 
agrees, — that  relating  to  the  effect  of  the  kind  of  surface 
of  the  cold  body  on  the  result  of  the  experiment. 

There  is,  therefore,  still  some  obscurity  with  regard  to 
the  rationale  of  this  singular  fact.  But,  should  it  even  not 
be  satisfactorily  explained,  this  can  scarcely  lead  to  the 
admission  of  the  agency  of  a  positively  frigorific  power. 
The  various  facts  connected  with  temperature  are  so  well 
explained  by  the  operation  of  caloric  alone,  that  we  must 
feel  reluctant  to  admit  the  introduction  of  an  antagonist 
power.  Increase  of  temperature,  with  all  its  conse- 
quences, expansion,  fluidity,  and  vaporisation,  are  satis- 
factorily accounted  for  by  the  introduction  of  caloric  in 
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various  quantities,  and  diminution  of  temperature  of 
course  by  its  abstraction.  And  we  should  merely  render 
the  explanation  embarrassed,  and  not  more  satisfactory,  if 
wc  should  suppose  the  existence  of  a  frigorific  power, 
which  enters  bodies  when  caloric  is  withdrawn,  and  which 
is  expelled  v/hen  it  is  communicated. 

Mr  Leslie,  I  may  remark,  has  very  happily  applied  his 
theory  of  aerial  pulsations  to  the  phenomenon  of  radiant 
cold  ;  the  cold  surface  abstracts  part  of  the  caloric  of  the 
contiguous  layer  of  air,  whence  a  momentary  contraction 
of  that  layer  follows  ;  and  pulsations,  accompanied  with  a 
discharge  of  heat  to  the  cold  surface,  and  consequently 
in  a  chain  from  the  mirror  and  the  thermometer,  are  esta- 
blished, observing  the  same  law,  as  he  supposes,  as  in 
the  case  of  radiant  heat.  This  explanation,  of  course, 
rests  on  the  same  grounds  as  his  general  theory. 


•SECT.  W. — Of  Ihe  dnnparath  c  Qtianikics  of  Caloric  uhidt 

Bodies  contain. 

In  homogeneous  bodies,  the  quantities  of  caloric  which 
they  contain  are  according  to  their  temperatures  and 
quantities  of  matter.  ^  It  is  found  to  be  so  on  experiment, 
and  that  it  should  is  nearly  evident,  h  priori for  the 
particles  of  different  portions  of  the  same  matter  being  a- 
like,  their  powers  must  be  equal,  and  no  cause  can  be 
imagined  why  -^ne  portion  should  have  a  relation  to  calo- 
ric different  from  the  other,  or  require  a  different  quan- 
tity to  raise  its  temperature. 
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Since  caloric  is  die  cause  of  temperature,  and  since,  in 
each  body,  the  increase  or  diminution  of  ten>perature  is 
proportioned  to  the  addition  or  abstraction  of  this  power, 
it  might  be  supposed,  that,  with  regard  to  heterogeneous 
bodies,  the  same  law  would  be  observed,  and  that  in  equal 
tjuantities,  and  at  the  same  temperature,  the  same  quan- 
tity of  caloric  would  be  contained  in  each. 

On  making  the  experiment,  however,  this  is  not  found 
'to  be  the  case.  If  a  number  of  bodies  of  different  kinds, 
water,  oil,  mercury,  and  others,  in  equal  weights,  and  ac 
the  same  temperature,  be  exposed  to  a  common  source  of 
cdoric,  they  all  receive  it ;  their  temperature  \yill  rise 
with  different  celerities ;  but  in  a  certain  time  they  will 
all  have  arrived  at  a  common  temperature,  and  the  caloric 
in  each  will  then  become  quiescent.  It  will  be  found, 
however,  that  in  arriving  at  this  temperature  they  have 
absorbed  very  different  quantities  of  caloric  ;  the  water - 
will  have  taken ''in  more  thaft  the  oil,  and  the  oil  more 
than  the  mercury.  Now,  it  is  evident,  that  although  we 
suppose  that  at  the  commencement  of  the  experiment 
these  substances  contained  equal  quantities  of  caloric; 
yet,  at  the  temperature  to  which  they  are  all  raised,  they 
must  contain  unequal  quantities,  since,  in  suffering  this 
rise,  each  absorbed  a  quantity  different  from  the  others. 
But,  in  like  manner,  it  might  be  shewn,  by  beginning  the 
experiment  at  a  still  lower  temperature,»that,  at  the  tem- 
perature from  which  they  were  raised,  the  quantities  of 
caloric  they  contain  must  have  been  unequal  and  as  the 
aame  cause  that  disposes  one  body  to  absc.b  more  caloric 
than  another  must  be  something  peculiar  to  it,  and  of 
course  must  always  continue  to  operate,  it  follows,  that 
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it  every  point  in  the  scale  of  heat,  difFerent  bodies  con- 
tain very  different  quantities  of  caloric  when  in  the  sam» 
weights  and  at  the  same  temperature. 

The  same  truth  is  established  by  communicating  equal 
measured  quantities  of  caloric  to  different  bodies,  when 
we  find  that  their  temperatures  are  not  equally  raised, 
but  that  the  quantity  whidh  raises  one  body  one  degree^ 
will  raise  another  20  or  30  degrees. 

Boerhaave  began  the  investigation  by  which  this  law 
was  established.  Observing  that  dense  bodies  were  those 
which  abstracted  heat  most  rapidly  from  a  body  at  a  su- 
perior temperature,  he  imagined  this  might  be  owing  to 
the  denser  mass  having  a  disposition  to  contain  more  of 
this  power  than  the  other.  To  ascertain  this,  Fahrenheit, 
at  his  desire,  made  the  experiment,  which,  although 
Boerhaave  failed  in  drawing  the  proper  conclusion  from 
it,  is  the  basis  of  the  discovery.  It  consisted  in  first  mix- 
ing together  equal  quantities  of  the  same  fluid, — as  alko- 
hol,  or  water,  or  oil,  at  different  temperatures.  Of 
course,  the  mixture  immediately  attained  a  common  tem- 
perature J  and  this  was  found  by  the  thermometer  to  be, 
as  Boerhaave  reports  it,  half  the  excess  of  the  hotter  a- 
bove  the  colder  ;  or,  if  1  lb.  of  water  at  212°  were  mix- 
ed with  1  lb.  at  32°,  the  former  lost  90*^  of  its  temper- 
ature, which  were  communicated  to  the  other.  Here, 
therefore,  the  distribution  was  regulated  by  the  quantity 
of  matter.  But  when  equal  quantities  of  two  different  bo- 
dies,— of  water  and  quicksilver,  at  different  temperatures, 
were  mixed  together,  the  result  was  different.  If  the 
water  were  hotter  than  the  mercury,  when  equal  bulks  of 
them  were  mixed  together,  the  temperature  of  the  mix- 
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ture  was  greater  than  the  half ;  and,  on  the  other  hand, 
if  the  quicksilver  were  hotter  than  the  water,  still  mixing 
equal  volumes  of  them,  the  resulting  temperature  was  al- 
ways less  than  the  half  of  the  difference.  When  three 
parts  of  mercury  by  volume  were  mixed  with  two  of  wa- 
ter, at  different  temperaturer-,  the  temperature  produced 
corresponded  always  to  half  the  difference  of  the  temper- 
ature in  each,  or  was  the  mean  between  the  respective 
temperatures,  the  same  as  when  equal  quantities  of  water 
were  mixed  together  *. 

From  this  experiment,  Boerhaave  inferred  justly  that 
caloric  is  not  distributed  in  bodies  according  to  their 
density  or  quantity  of  matter.  If^  it  were,  it  is  obvious, 
that  as  quicksilver  is  13  times  heavier  than  water,  the  ad-' 
dition  of  a  quantity  of  mercury  at  a  higher  temperature 
than  that  of  the  water  with  which  it  is  mixed,  ought  to 
have  an  effect  in  raising  the  temperature  of  that  water 
equal  to  what  the  addition  of  13  times  the  bulk  of  water 
at  that  temperature  would  have  ;  while  the  experiment 
shews,  that  the  effect  of  the  mercury  in  raising  the  tem- 
perature of  the  water,  is  not  equal  to  the  effect  which  even 
one  measure  of  water,  at  the  same  temperature  with  that 
of  the  mercury,  would  have.  It  is  singular,  however, 
that  he  should  have  drawn  a  conclusion  equally  incon- 
sistent with  the  experiment, — that  caloric  is  distributed 
in  bodies  according  to  their  volumes,  or  the  spaces  they 
occupy  since  it  is  evident,  that  were  this  the  law,  the 
temperature  resulting  from  the  mixture  of  equal  bulks  of 
waten  and  quicksilver  ought  to  have  been  the  arithmetical 


*  Elementa  Chemise  Boerhaav.,  t.  i.  p.  269. 


FOR  CALORIC.  33$ 

mean,  and  it  would  not  have  been  necessary  to  produce 
this  mean  to  take  three  of  mercury  to  two  of  water. 

Dr  Black  appears  to  have  been  the  first  who  perceived 
the  error  of  Boerhaave, — who  estimated  sufficiently  the 
value  of  the  experiment ;  and  who  drew  from  it  the  just 
conclusion,  that  the  quantities  of  caloric  which  hetero- 
geneous bodies  contain  at  the  same  temperature,  are  pro- 
portioned neither  to  their  weights  nor  volumes,  but  are 
distributed  in  proportions  regulated  by  the  force  of  that 
attraction  which  they  have  for  this  principle  The  ex- 
periments which  this  view  suggested,  were  made  previous 
to  the  year  1765  ;  and  so  early  as  1760,  Dr  Black  had 
perceived  the  general  fact  with  regard  to  the  distribution 
of  caloric. 

Wilcke,  in  1771,  read  a  dissertation  before  the  Aca- 
demy of  Sciences  at  Stockholm,  afterwards  published  in 
their  memoirs,  in  which  he  announces  the  same  princi- 
ple as  established  by  his  own  experiments  ;  and  his  me- 
thod of  determining  the  relative  quantities  of  caloric 
which  bodies  contain  is  somewhat  different,  as  I  shall  im- 
mediately have  to  remark,  from  that  first  employed  by 
Boerhaave.  Dr  Irvine  of  Glasgow,  and  Dr  Crawford, 
acquainted  with  Dr  Black's  discovery,  prosecuted  the 
subject,  and  subjected  mdny  substances  to  experiment. 
Some  additions  were  also  made  by  Lavoisier  and  Gado- 
lin  5  and,  by.  the  labours  of  these  and  other  philosophers, 
the  general  law  has  been  established, — t/iat  different,  bodies 
in  equal  quantities y  -nuhether  estimated  hy  weight  or  volum^f 
contain  at  any  given  temperature  unequal  quaJitiiies  of  caloric^ 


*  Black's  Lectyres  on  Chemistry,  vol.  i.  p.  79.  and  5.04'. 
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or,  according  to  the  phrase  that  has  been  used  to  express 
tliis,  have  different  capacities  for  caloric. 

That  this  is  the  case,  is  sufficiently  evident  from  the 
experiment  of  Boerhaave,  already  stated.  It  is  equally 
obvious  from  many  other  examples.  Thus,  if  we  subject 
to  experiment  equal  weights  of  water,  of  glass,  of  tin,  of 
copper,  of  silver,  and  of  lead,  we  find  that  these  equal 
weights,  instead  of  containing  at  the  same  temperature 
equal  quantities  of  caloric,  contain  very  unequal  quanti- 
ties. If  the  water  contain  1000  parts,  the  glass,  on  ex- 
periment, y/ill  be  found  to  contain  not  more  than  187 
such  parts,  the  copper  1 1 4,  the  silver  82,  the  tin  60,  and 
the  lead  42;  or  these  respective  quantities  of  caloric 
communicated  to  these  substances,  will  produce  the  same 
rise  in  their  temperatures.  If,  again,  we  take  equal  vo- 
lumes of  them,  we  still  find  their  caloric  not  proportioned 
to  these.  If  a  given  volume  of  water  contain  1000 
parts,  the  same  volume  of  glass  will  contain  only  448 
parts,  the  copper  1027,  the  silver  833,  the  lead  487,  and 
the  tin  444.  Similar  differences  will  be  found  with  re- 
gard to  almost  every  kind  of  matter. 

The  general  experiment,  as  I  have  already  stated,  by 
which  the  quantities  of  ealoric  which  bodies  contain  are 
determined,  is  mixing  together  equal  weights  of  two  dif- 
ferent kinds  of  matter,  at  different  temperatures,  and  ob- 
serving the  temperature  which  is  produced.  If  we  take 
equal  portions  of  the  same  kind  of  matter,  one  pound  for 
example  at  50^,  and  another  at  100"^,  and  mix  them, 
guarding  against  any  error  from  the  abstraction  or  commu- 
nication of  caloric  by  the  vessel,  or  by  the  atmosphere, 
the   temperature  of  the  whole  will  be  the  arithme- 
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lical  mean  between  the  two  temperatures,  that  is  in  the 
present  example,  75.  The  pound  at  100  will  have  part- 
ed with  half  its  excess  of  caloric,  or  25  degrees,  and  this 
added  to  the  pound  at  50*»,  will  raise  its  temperature  25 
degrees.  This  proves  that  the  quantity  of  caloric  which 
occasions  a  certain  extent  of  change  in  the  temper- 
ture^of  one  portion  of  a  body,  will  produce  the  same 
change  in  the  temperature  of  another  equal  portion  of 
the  same  body,  and  consequently  equal  weights  of  it  at 
any  temperature  will  contain  equal  quantities  of  caloric  *. 

But,  when  the  same  exf>eriment  is  made  with  two  dif- 
ferent bodies,  the  result  is  entirely  different,  the  tempera- 
ture produced  never  being  the  mean  of  the  respective 
temperatures.  Thus,  if  one  pound  of  water  at  156°  be 
mixed  with  one  pound  of  mercury- at  'J-O",  the  resulting 
temperature  is  not  the  mean  98,  but  it  not  less  than  152. 
This  proves  that  the  change  of  temperature  produced  in 
the  one  by  a  certain  quantity  of  caloric,  is  entirely  dif- 
ferent from  that  produced  in  the  other  by  the  same  quan- 
tity; for  the  water  in  this  experiment  having  had  its 
temperature  reduced  from  156°  to  152'^,  has  lost  a  quan- 
tity of  caloric  producing  in  it  a  change  of  4  degrees, 
but  this  quantity  communicated  to  the  mercury  has  rais- 
td  its  temperature  from  40''  to  152°,  or  produced  a 
change  in  it  of  not  less  than  112*?.  The  quantity  of 
caloric,  therefore,  necessary  to  raise  the  temperature  of 


*  This  conclusion  rests  on  the  supposition,  that  the  thermo- 
meter is  an  accurate  measure  of  temperature  ;  but  even  should 
this  be  doubted,  the  deviation  cannot  be  such  as  to  have  an 
important  effect.    This  is  afterwards  to  be  considered. 
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one  pound  of  water  4-  degrees,  is  sufficient  to  raise  that 
of  an  equal  weight  of  mercury  112°,  or  the  quantity 
raising  the  temperature  of  the  one  of  these  fluids  one  de- 
gree*  will  raise  that  of  the  other  28°.  This,  it  is  con- 
cluded, will  be  the  gase  at  every  temperature,  and  there- 
fore at  any  point  in  the  scale  of  heat,  the  quantity  of 
caloric  contained  in  water  is  to  that  contained  in  the  same 
weight  of  mercury  as  28  to  1. 

If  the  experiment  is  varied,  by  mixing  water  at  a  low 
and  mercury  at:a  high  temperature,  the  result  is  the  same, 
or  the  change  produced  in  the  temperature  of  the 
mercury  is  to  that  produced  in  the  temperature  of  the 
water  as  28  to  1.  If  one  pound  of  quicksilver  at  156* 
be  mixed  with  one  pound  of  water  at  40*^,  the  tempera- 
ture produced  is  44°  ;  the  mercury  has  lost  a  quantity 
.of  caloric,  which  has  reduced  its  temperature  112  degrees, 
and  this  communicated  to  the  water  has  raised  its  tem- 
perature only  4°. 

In  this  manner,  when  equal  weights  of  two  different 
bodies  are  mixed  together,  the  temperature  produced  is 
always  nearer  to  the  temperature  of  that  body  which  con- 
tains the  largest  quantity  of  caloric,  because  it  requires 
the  largest  quantity  to  produce  a  change  in  its  tempera- 
ture. The  proportion  is  also  indicated  by  the  experi- 
ment, the  comparative!  quantities  of  caloric  contained  in 
the  two  bodies  being  in  the  inverse  ratio  to  the  change 
of  temperature  of  each  by  their  mixture.  Takin^g  water 
as  a  substance  usually,  employed  in  the  experiment,  and 
as  the  standard  to  which  the  others  are  referred,  the 
following  formula  has  been  given.  Multiply  the  weight 
of  the  water  by  its  change  of  temperature.   Do  the  same 
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for  the  other  substance.  Divide  the  first  product  by  the  se- 
cond. The  quotient  expresses  the  comparative  quantity  of 
caloric  contained  in  that  substcnce,  the  quantity  contained 
in  water  being  accounted  1.  Or  more  generally,  and 
without  any  reference  to  water  being  employed,  but 
merely  from  two  bodies  being  mixed  in  equal  quantities 

 multiply  the  weight  of  each  body  by  the  number  of 

degrees  between  its  original  temperature,  and  the  com- 
mon temperature  obtained  by  their  mixture.  The  capa- 
cities of  the  bodies  will  be  inversely  as  the  products. 

When,  instead  of  comparing  the  quantities  of  caloric 
which  equal  nveights  of  different  bodies  contain,  we  com- 
pare the  quantities  contained  in  equal  volumes,  we  still 
find,  as  has  been  already  stated,  that  a  difference  exists. 
Thus,  the  quantity  of  caloric  necessary  to  raise  the  tem- 
perature of  a  given  volume  of  water  ^ny  number  of  de- 
grees, Is  found  to  be  to  that  necessary  to  raise  an  equal  vo- 
lume of  mercury  the  same  number  of  degrees  as  rathey 
more  than  2  to  1 ;  and  this  consequently  is  the  propor- 
tion between  the  quantities  of  caloric  in  these  bodies  es- 
timated by  their  volumes.  The  comparative  quantities 
of  caloric  in  bodies  are  usually  estimated  by  their  weights, 
it  being  in  general  less  difficult  to  ascertain  these  with 
accuracy  than  to  ascertain  their  volumes. 

In  some  cases  water  cannot  be  employed  in  such  ex- 
periments, from  the  substance,  the  capacity  of  which  is 
to  be  ascertained,  exerting  a  chemical  action,  by  which 
the  existing  capacity  is  altered,  and  caloric  either  evolv- 
ed or  absorbed.  In  such  cases  Dr  Irvine  employed  the 
*  medium  of  a  third  body,  generally  pounded  glass  ;  add- 
ing to  a  given  weight  first  of  the  water,  and  secondly  of 

Vol.  I.  Y 
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the  substance  whose  capacity  was  to  be  ascertained,  it 
quantity  of  glass  of  a  determinate  temperature,  sufliciem 
to  chcingc  their  temperature  the  same  number  of  degrees. 
The  capacities  were  then  as  tlie  weights  of  glass  added 

The  method  which  Wilcke  employed,  though  essen- 
tially the  same  with  that  now  described,  was  in  the  mode 
of  performing  it  somewhat  different.  His  experiment , 
were  restricted  to  substances  existing  in  the  solid  state. 
A  pound  of  such  a  substance,  of  a  metal  for  example, 
was  accurately  weighed  ;  it  was  then  suspended  by  a 
thread  in  a  veSf®I  of  boii»»g  water,  in  which  a  thermo- 
meter was  placed,  to  mark  the  temperature  with  more 
|vTecis?oru  An  equal  quantity  of  water,  in  the  present 
example  one  pound,  at  the  temperature  of  32",  was  put 
iiito  a  tinned  iron  vessel.  The  heated  body  was  imme- 
diately removed  from  the  vessel  of  boiling  water,  and 
was  suspended  in  the  told  water,  taking  care  that  it 
^lould  not  touch  the  sides  or  bottom.  A  tliermometev 
with  a  centigrade  scale,  each  degree  being  such  thai 
4ths  or  even  Sths  could  be  distinguished  on  it,  was  put 
into  the  fluid,  and  the  temperature  was  taken  when  it  had 
become  uniform  through  the  fluid,  and  the  same  as  that 
of  the  solid  suspended  In  it.  The  caloric  given  out,  by  the 
hot  body,  was  of  course  communicated  to  the  cold  fluid, 
the  changes  occasioned  M  the  temperature  of  the  one 
by  the  abstraction,  and  ia  that  of  the  other  by  the  addi- 
tion of  this  caloric  were  thus  discovered,  and  the  quan- 
tity of  caloric  contained  In  the  body  subjected  to  experi- 
ment compared  with  that  of  the  water  was  easily  found  ; 


*  Chemical  Essays,  p.  87. 
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the  same  formula  applying  to  this  method  as  to  the  pre^^ 
ceding  one,  though  that  which  Wilcke  employed  was 
somewhat  more  complicated  *. 

It  is  obvious,  that  the  accuracy  of  these  experiments 
depends  on  the  assumption,  that  the  caloric  abstracted 
from  the  hot  body  is  communicated  entirely  to  the  colder, 
and  that  the  latter  receives  caloric  from  no  other  source. 
It  is  impossible,  however,  that  these  requisites  should 
be  perfectly  attained.    In  the  mode  of  mixture,  if  the 
cold  substance  be  added  to  the  hot  one,  it  must  receive  a 
portion  of  caloric  not  only  from  it,  but  likewise  from  the 
vessel  in  which  it  is  contained  ;  or  if,  as  is  more  usually 
the  case,  the  hot  body  be  added  to  the  cold,  the  caloric  it 
gives  out  will  not  be  communicated  entirely  to  the  latter, 
but  will  in  part  be  given  to  the  vessel.  It  is  difficult  also, 
or  scarcely  possible,  to  abstract  entirely  the  agency  of  the 
atmosphere,  which,  as  one  of  the  bodies  is  always  at  a 
temperature  superior  to  it,  will  carry  off  part  of  the  cal- 
oric.   But  the  portions  of  calorie  thus  withdrawn  from 
the  mixture  by  these  causes,  will  vary  according  to  the 
quantities  of  the  substances  used  in  the  experiment, — the 
degree  of  agitation  by  which  they  are  mixed, — the  cele- 
rity with  which  different  bodies  part  with  their  caloric,  

their  specific  gravities, — and  their  miscibility  with  water. 
Even  the  size  and  shape  of  the  vessel,  and  the  composi- 
tion of  the  matter  of  which  it  consists,  will  influence  the 
result ;  and  hence  have  arisen  the  differences  in  the  ex- 


*  Translation  of  Wilcke's  Paper,  from  the  Memoirs  of  the 
Royal  Academy  of  Sciences  of  Stockholm,  for  1781,  in  the 
Journal  de  Physique,  t.  xxvi.  p.  250. 
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periments  of  differeut  chemists.  '■Dr  Crawford,  who 
made  more  expetiments  on  this  subject  than  any  other 
chemist,  has,  in  his  excellent  treatise,  pointed  out  the 
principal  circumstances  which  require  to  be  attended  to. 
He  found  it  necessary  to  determine  the  precise  effect  or 
the  vessel  on  the  result  of  the  experiment,  by  ascertain- 
ing the  quantity  of  caloric  it  required  to  produce  a  cer- 
tain change  in  its  temperature  ;  and  to  calculate  the 
quantity  of  caloric  communicated  to  the  air,  by  observ- 
ing the  progress  of  cooling,  and  the  time  which  elapsed 
before  a  common  temperature  was  established  ;  and  he 
also  adds  the  riecessary  cautions,  by  which  the  other 
sources  of  error  may  be  best  obviated  *. 

In  the  method  employed  by  Wilcke,  these  sources  of 
error  must  have  less  influence  than  in  the  method  by 
mixture,  as  the  influence  of  the  air  can  be  more  efi^ectual- 
ly  excluded.  This  method,  however,  cannot  well  be  ap- 
plied to  liquids ;  and  with  regard  to  these,  the  mode  by 
mixture,  is  at  the  same  time  less  liable  to  error,  than  it  is 
with  regard  to  solids,  as  two  fluids  can  be  mixed  together 
with  more  facility  than  a  solid  or  a  liquid,  and  their  com- 
mon temperature  is  sooner  formed. 

Another  method  of  estirnating  the  comparative  quan- 
tities of  caloric  has  been  employed,  founded  on  the  facti 
that  ice  or  snow,  in  melting,  absorbs  always  a  uniform 
quantity  of  caloric  :  and  therefore,  by  placing  a  hot  body 
in  contact  with  ice,  so  that  the  whole  of-  the  caloric  i{ 
gives  out  in  the  reduction  of  its  temperature  to  32",  shall 
be  communicated  to  the  ice,  and  spent  in  melting  it,  we 


*  Treatise  on  Aqimal  Heat,  p.  96. 
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m^J  determine,  from  the  quantity  of  water  thus  formed, 
the  portion  of  caloric  which  has  been  communicated  by 
the  hot  body.  Wilcke,  to  whom  this  fact  was  known,  con- 
ceived the  idea  of  employing  the  melting  of  ice  or  snow, 
as  a  method  of  measuring,  or  at  least  of  comparing  the 
quantities  of  caloric  in  bodies  ;  all  that  is  necessary,  says 
he,  being  "  to  find,  by  experiment,  how  much  soft  snow 
*«  is  necessary  to  cool  different  bodies,  from  a  certain 
"  determined  temperature,  to  that  of  melting  snow  or 
<«  ice ;  for  the  whole  heat  which  the  body  loses  in  this 
.V  reduction  ought  to  be  found  in  the  melted  snow  ;  and 
1*  thus  the  quantity  may  be  known  from  the  quantity 
*^  melted,  or  the  quantity  of  water  produced  *."  In  at- 
tempting, however,,to  carry  this  into  execution,  he  found, 
he  says,  unexpected  difficulties  ;  the  principal  of  which 
was  that  of  determining,  with  accuracy,  the  quantity  of 
water  produced,  as  much  of  it  remained  mixed  with  the 
portion  of  unmelted  snow  ;  arid  hence  he  relinquished  • 
this  method,  for  that  which  has  been  already  described. 

Lavoisier  and  La  Place,  however,  aware  of  the  errors 
attending  the  mode  by  mixture,  directed  their  attention 
to  this  other  method,  and  they  contrived  an  instrument, 
rfie  Calorimeter,  by  which  the  experiment  can  be  per- 
formed, as  they  believed,  with  more  accuracy. 
.  This  instrument,  of  which"  a  representation  is  given, 
Plate  VIL  Fig.  51,  consists  of  three  vessels,  A,  B,  C, 
adapted  to  each  other,  and  inserted  the  one  within  the 
other,  so  as  to  leave  a  cavity  between  the  sides  of  each. 
'  The  smallest  or  innermost.  A,  is  a  cage  of  iron  net- 

*  Journal  de-  Physique,  t..  xxvi.  p.  258. 
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work,  and  is  designed  to  contain  the  body  which  is  to  be 
subjected  to  experiment.    It  is  supported  by  several  iron 
bars,  which  are  attached  to  the  internal  cavity  of  the  se- 
cond or  middle  vessel  B.  This  one  is  designed  to  contain 
tiie  ice,  from  the  melting  of  which  the  quantity  of  caloric 
given  out  by  the  body  in  the  first  vessel  is  to  be  estimat- 
ed.   The  ice  is  broken  into  small  pieces;  these  are  sup- 
ported on  an  iron  grating  at  the  bottom,  through  which 
the  water  filtrates,  and  is  conveyed  off  by  a  pipe  with  a 
stop- cock  a,  which  comes  from  the  bottom  of  the  vessel. 
It  has  a  double  cover  b,  also  adapted  to  it,  capable  of  con- 
taining ice  5  the  under  part  of  this  being  perforated,  so 
that  the  water  which  may  be  formed  from  the  melting  of 
any  of  the  ice  it  contains,  may  drop  into  the  cavity  itself. 
The  third,  or  outer  vessel,  C,  is  similar  in  its  construction 
to  the  second,  and,  like  it,  is  to  be  filled  with  pounded 
ice,  when  the  experiment  is  to  be  performed.    The  de- 
sign of  it  is  to  prevent  the  agency  of  the  external;  atmos- 
phere.   It  would  be  inconvenient  to  operate  with  this  in- 
strument only  when  the  temperature  of  the  atmosphere 
is  at  32**  ;  but  it  is  obvious,  that  at  temperatures  abov- 
or  below  this,  a  heating  or  cooling  agency  would  be  ex- 
erted by  the  external  air  on  the  ice,  which  is  designed  to 
be  exposed  to  the  hot  body  only.    If  the  atmosphere 
were  above  32°,  it  would  communicate  caloric  to  the  ice, 
and  of  course  would  contribute  to  its  fusion,  and  prevent 
us  from  considering  the  quantity  of  water  produced  as  a 
measure  of  the  quantity  of  caloric  which  the  hot  body  had 
given  0"ul ;  or  if  below  32^^,  it  would  abstract  caloric,  and 
lessen  the  quantity  that  would  otherwise  be  melted.  The 
design  of  the  duter  vessel  is  to  obviate  these  sources  of 
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«rror,  and  surround  the  ice  in  the  middle  vessel  with  a 
medium  at  the  temperature  of  32'='.  It  alao  has  a  double 
cover  D,  containing  poUnded  ice,  to  serve  the  same  pur- 
pose, and  a  tube  and  stop-cock  by  which  the  liquid  can 
be  withdrawn. 

The  method  of  performing  the  experiment  with  tlu8 
apparatus  is  obvious.  The  -substance  on  which  we  are  to 
operate  is  raised  to  a  certain  temperature,  which  is  ascer- 
tained, and  is  then  suspended  in  the  innermost  cavity,  the 
middle  cavity  having  been  previously  lilled  with  pounded 
ice  pressed  down,  so  that  no  void  spaces  shall  remain,  and 
drained  so  that  no  v/ater  remains  mixed  with  the  ice. 
The  caloric  it  gives  out  in  falling  to  32°,  is  communicat- 
ed to  the  ice  in  this  cavity,  and  melts  more  or  less  of  it. 
Lavoisier  and  La  Place  calculated  from  experiment,  that 
one  pound  of  ice  in  melting  ahsorbs  a  quantity  of  caloric 
which  would  raise  the  temperature  of  water  135  degrees 
of  Fahrenheit  j  and  proceeding  on  this  calculation,  by 
withdrawing  the  quantity  of  water  produced,  and  weigh- 
ing it,  it  was  easy  to  ascertain  the  quantity  of  caloric 
which  the  substance  in  the  reduction  of  temperature  it 
had  suffered  had  given  outj  its  weight  being  proportional 
to  the  quantity  of  caloric  which  the  body  had  given  out 
in  its  reduction  of  temperature.  By  repeating  the  expe- 
riment on  different  bodies,  the  comparative  quantities  of 
caloric  they  evolve  in  passing  from  one  temperature  to 
another,  and  of  course  the  comparative  quantities  they 
contain,  were  determined.  Liquids  were  introduced  in  a 
glass  matrass,  which  was  suspended  in  the  tage ;  the 
quantity  of  caloric  which  the  glass  would  give  out,  being 
ascertained  by  a  previous  experiment;  and  Airs  were  ope- 
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rated  on,  by  passing  them  through  a  spiral  tube,  whicli 
was  fixed  in  the  middle  vessel,  a  thermometer  being  plac- 
ed at  each  extremity  of  it,  to  ascertain  the  temperature  o£ 
the  air  as  it  entered  and  passed  out. 

These  experiments  should  be  made  at  a  temperature  at 
or  a  little  above  32^,  as,  below  that,  the  contents  of  the 
outer  vessel  may  be  entirely  frozen,  be  cooled,  and  ab- 
stract caloric  from  the  middle  vessel.  Nor  should  the 
temperature  be  more  than  10  or  12  degrees  above  that; 
for  the  air  included  in  the  instrument,  being  then  heavier 
than  the  external  air,  descends,  issues  by  the  tube  at  the 
bottom  through  which  the  water  runs  off ;  and  thus  a  cur- 
rent of  air  is  formed  which  communicates  heat  to  the  ice. 
The  nearer,  therefore,  the  temperature  of  the  external 
atmosphere  is  to  32^*,  the  experiment  will  be  more  accu- 
rate *. 

The  mode  of  operating  by  this  instrument  is  extreme- 
ly simple,  and  it  is  not  exposed  to  those  sources  of  error 
which  attend  the  method  by  mixture.  It  has  another  ad- 
vantage over  the  latter,  that  it  can  be  applied  to  those  bo- 
dies, which,  when  mixed  with  each  other,  exert  a  mutual 
chemical  action,  and  to  which  the  method  by  mixture  is 
not  easily  applicable,  as,  by  such  actions,  the  quantities  of 
caloric  which  the  bodies  contain  are  changed,  and  in  the 
very  progress  of  the  experiment,  their  temperatures  are 
from  this  cause  augmented  or  reduced. 

It  has  been  supposed,  however,  to  be  liable  to  some 
Other  errors,  which  have  rendered  it  doubtful,  whether, 
on  the  whole,  it  is  more  accurate  than  the  other.  Two 


*  Mcmoires  de  I'Acad.  des  Sciences,  1780,  p.  355. 
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circumstances  have  in  particular  been  pointed  out  by  Mr 
"Wedgwood  as  influencing  the  results. 

The  first  is,  that  part  of  the  water  formed  by  the  melt- 
ing of  the  ice,  is  retained  by  capillary  attraction  in  the  in- 
terstices of  the  unmelted  ice ;  and  hence  the  quantity  that 
passes  off  by  the  tube,  at  the  bottom  of  the  apparatus,  is 
not  the  proper  measure  of  the  quantity  actually  produ- 
ced. Lavoisier  and  La  Place  w^re  aware  of  this  source 
of  error,  but  they  supposed  it  could  not  be  of  any  impor- 
tance, or  might  be  obviated  by  strewing  the  pounded  ice 
jn  the  calorimeter,  in  thin  layers,  and  allowing  it  to  stand 
for  some  time  in  an  atmosphere  above  32°,  before  the  ex- 
periment was  begun.  It  would  thus  have  imbibed  all  the 
water  that  it  could  retain  by  capillary  attraction  j  and 
therefore  the  quantity  would  be  the  same  at  the  beginning 
and  at  the  end  of  the  experiment.  It  is  obvious,  how- 
ever, that  as  in  the  progress  of  the  experiment,  the  quan- 
tity of  the  ice,  and  its  arrangement  in  the  vessel  must  be 
altered,  the  portion  of  water  retained  by  capillary  attrac- 
tion will  not  be  precisely  the  same,  though  it  is  difficult  to 
say  to  wl^at  extent  this  source  of  error  may  operate. 

Another,  perhaps  more  important,  arises  from  a  singu- 
lar fact,  discovered  by  Mr  Wedgwood,  that  the  operations 
of  thawing  and  freezing  actually  go  on  in  the  apparatus 
at  the  same  time,  or  that  part  of  the  water  which  is  melt- 
ed in  the  upper  part  of  the  middle  vessel,  in  filtrating 
through  the  ice,  again  returns  to  the  solid  state.  Mr 
Wedgwood  has  very  clearly  shewn,  that  this  is  the  case, 
especially  in  the  lower  parts  of  the  apparatus,  the  frag- 
ments of  ice  thrown  in  loose  being  frozen  together,  so 
that  a  passage  made  through  the  loose  ice  is  soon  near- 
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ly  filled  up  *.  It  is  no  doubt  owing  to  the  cohcoive  at- 
traction exerted  by  the  surfaces  of  the  fragments  of  ice  to 
the  water  at  32*'  which  is  applied  to  them,  and  is  a  phe- 
nomenon of  precisely  the  same  kind  as  the  promoting  tlie 
crystallization  of  a  salt  which  is  in  solution,  by  the  con- 
tact of  a  crystal  of  that  salt.  It  must  render  the  results 
of  experiments  made  with  this  apparatus,  somewhat  un- 
certain. Ill  Mr  Wedgwood's  experiments,  its  influence 
appears  to  be  considerable,  from  the  smallness  of  the  heat- 
ed body  which  he  introduced  into  the  ice,  and  by  which 
a  small  quantity  of  water  would  be  formed,  compared 
with  the  surface  of  unmelted  ice  over  which  it  had  to 
pass  j  while,  in  the  experiments  of  Lavoisier  and  La 
Place,  the  results  are  described  as  being  always  nearly  uni- 
form, probably  from  this  source  of  error  being  rendered 
less  important  by  the  larger  quantities  subjected  to  expe- 
riment. Still  if  any  of  the  water  be  congealed,  even  al- 
though there  should  be  a  uniformity  in  the  experiments  ; 
.  in  other  words,  although  this  quantity  should  be  alwaya 
tery  nearly  the  same,  if  allowance  be  not  made  for  this, 
it  must  lead  to  an  erroneous  conclusion  as  to  the  quanti- 
ty af  caloric  which  the  heated  body  has  given  out. 

Meyer  proposed  another  method  of  ascertaining 
tlie  comparative  quantities  of  caloric  in  bodies,  founded 
on  oljserving  the  times  equal  volumes  of  them  require 
to  cool  through  a  certain  interval  of  the  thermometric 
scale  V  these  times,  he  assumed,  being  as  their  capacities 
estimated  by  the  volume,  and  hence,  if  divided  by  the  spe- 
cific gravity  of  the  substance  operated  on,  giving  the  ca- 


*  Philosophical  Transactions,  vol.  Ixxiv.  p.  376. 
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pacity  as  estimated  by  the  weight  *.  The  same  method 
has  been  employed  by  Mr  Leslie  f ;  and  Mr  Dalton  has 
considered  it  as  susceptible  of  great  precision,  and  so  far 
preferable  to  the  mode  of  mixture,  that  the  results  are  in- 
dependent of  any  inaccuracy  of  the  mercurial  thermorne- 

The  principle,  however,  on  which  it  rests,  is  not  per- 
fectly just,  for  the  cooling  of  bodies  depends  on  other 
circumstances  than  their  capacities.  It  is  materially  in- 
fluenced both  by  their  radiating  and  conducting  powers. 
Any  error,  indeed,  from  a  difference  in  the  power  of  rad- 
iating caloric,  may  be  avoided  by  the  mode  in  which  the 
experiment  has  been  performed  by  Leslie  and  Dalton,— 
giving  always  the  same  external  surface  to  the  body  while 
cooling,  by  including  it  in  a  glass  globe.  But  it  is  not 
possible  to  abstract  entirely  the  source  of  error  in  the  dif- 
ference of  conducting  power.  It  is  obvious,  in  the  exam- 
ple of  a  mass  of  matter  at  a  high  temperature,  communi- 
cating the  excess  of  its  heat  to  the  surrounding  medium, 
whether  by  the  intervention  of  a  vessel  containing  it,  or 


*  The  method  Meyer  employed  was  less  direct.  From  the 
times  of  cooling  he  inferred  the  conducting  powers  of  tlie  sub- 
•tances,  these  being  inversely  as  the  times.  The  specific  heats 
he  assumed  are  inversely  as  the  product  of  the  conducting 
powers  and  specific  gravities.  Hence,  let  M  express  the  spe- 
cific gravity  of  the  body,  L  its  conducting  power,  and  A  its 
specific  heat,  then  L  =  whence  A  z=  (Annales 
de  Chimie,  torn.  30.  p.  4'6. 

f  Inquiry,  &c.  p.  340  and  548. 
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not,  that,  if  It  be  an  imperfect  conductor  of  caloric,  the 
caloric  passing  more  slowly  from  the  internal  mass  to  the 
surface,  the  time  of  cooling  will  be  longer  than  if  it  were 
the  reverse,  the  capacity  being  tlie  same.  In  liquids,  too, 
the  degree  of  mobility  and  expansibility  influencing  the 
motions  of  their  parts,  must  influence  their  times  of  cool- 
ing. Hence  an  accurate  conclusion  cannot  be  formed  of 
the  quantities  of  caloric  which  a  body  evolves,  as  its  tem- 
perature falls,  compared'With  that  given  out  by  another, 
by  observing  their  respective  times  of  coftling,  but  only 
by  measuring  these  quantities  by  the  efi^ects  they  produce 
©n  another  body  to  which  they  are  communicated,  that  is, 
by  either  of  the  other  modes  already  described. 

The  experiments,  however,  which  liave  been  made  by 
this  method,  correspond  nearly  with  the  results  obtained 
from  the  mode  by  mixture,  which,  if  these  are  to  be  con- 
sidered as  correct,  may  perhaps  be  admitted  as  a  proof, 
that  the  inflaence  of  the  above  circumstances  on  the  times 
©f  cooling  is  not  very  considerable,  owing  probably  to  the 
modifications  under  which  the  experiment  is  made,— par- 
ticularly that  of  operating  on  small  quantities  of  matter, 
and  with  an  external  surface  always  the  same. 

The  preceding  observations  apply  principally  to  the  me- 
thods of  ascertaining  the  comparative  quantities  of  calo- 
ric in  bodies  which  are  solid  or  liquid,  and  which,  there- 
fore, from  their  form,  are  easily  submitted  to  the  experi- 
ments that  have  been  described.  With  regard  to  the 
mode  of  determining  the  specific  heats  of  aerial  fluids, 
there  are  much  greater  difficulties.  In  the  mode  by  mix- 
ture, or  of  observing  the  changes  produced  in  the  temper- 
ature of  an  aeriform  fluid,  and  the  corresponding  change 
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in  the  temperature  of  a  body  with  which  it  is  put  in  inti- 
mate contact,  and  thence  inferring  the  capacity,  the  sour- 
ces of  error,  which  always,  to  a  certain  extent,  attend  the 
experiment,  must,  from  the  small  quantity  of  matter  in 
such  volumes  of  the  gases  as  can  be  submitted  to  trial, 
have  a  greater  influence  on  the  result.  The  quanti- 
ty cannot  well  exceed  a  few  grains  in  weight  *,  from  this 
so  little  heat  can  in  any  case  be  imparted  to  the  contigu- 
ous matter,  that  differences  in  the  quantities,  communica- 
ted by  different  elastic  fluids,  must  be  very  minute  ;  and 
hence,  as  Dr  Crawford  justly  observed,  the  errors  of  the* 
observations  will  bear  a  considerable  proportion  to  the  dif- 
ferences which  are  to  be  ascertained.  In  his  experiments, 
the  differences  from  the  volumes  of  gases  employed  seldom" 
exceeded  the  -^^th  of  a  degree  of  Fahrenheit's  ;  and  al- 
though he  used  a  thermometer  of  such  a  construction, 
that  -i^th  marked  on  its  scale  was  nearly  as  distinct  as  an 
entire  degree  on  that  of  the  thermometer  in  common 
use,  yet  even  this  difference,  it  has  been  supposed,  is  so 
small,  that  the  results  cannot  be  free  from  all  suspicion  of 
inaccuracy.  He  bestowed,  however,  the  utmost  atten- 
tion on  the  investigation  ;  the  delicacy  of  his  instruments 
appears  to  have  been  extremely  gr^t ;  his  first  observa- 
tions were  confirmed  even  by  experiments  with  thermo- 
meters, in  which  "each  degree  of  Fahrenheit's  scale  was 
divided  into  50  equal  parts;  the  differences  obsen^ed, 
too,  were  constant  in  repeated  experiments;  and  being 
from  equal  volumes  of  the  gases,  they  of  course  are  much 
more  considerable,  when  reduced  to  equal  weights,  ac- 
cording to  which  the  capacities  of  aerial  fluids  are  estima-- 
ted;  so  much  so,  that,  as  Dr  Crawford  himself  justly  ob- 
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served,  were  the  heats  communicated  torwater,  by  equal 
volumes  o{  the  different  gases,  the  same,  still,  from  the  dif- 
ferences in  their  specific  gravities,  differences  in  their  ca- 
pacities for  caloric  would  be  established.  The  conclu- 
sions, therefore,  of  Crawford,  with  regard  to  the  capaci- 
ties of  the  aerial  fluids  for  caloric,  must  be  admitted  as 
perhaps  near  approximations,  though  they  may  not  be 
considered  as  perfectly  correct.  » 

Other  modes  of  determining  the  capacities  of  elastic 
fluids  have  been  proposedi;  and  where  such  difficulties  ex- 
ist, a  diversity  of  method  may  serve  to  correct  imperfect 
results.  The  following  was  proposed  by  Mr  Leslie.  The 
capacity  of  elastic  fluids,  he  observes,  is  increased  by  ra- 
refaction, and  hence  a  corresponding  portion  of  heat  is 
evolved,  when  they  recover  their  former  state.  If  a  deli- 
cate thermometer,  therefore,  is  fixed  in  the  centre  of  a 
large  receiver,  the  greater  part  of  the  air  extracted,  and 
time  allowed  for  the  apparatus  acquiring  exactly  the  tem- 
perature of  the  room,  on  suddenly  admitting  air  into  the 
partial  vacuum,  the  rarified  aerial  fluid  contained,  in  it  is 
condensed  ;  heat  is  therefore  disengaged,  and  the  tem- 
perature raised.    If  the  experiment  be  repeated  after  the 
necessary  interval,  opening  a  communication  with  some 
other  species  of  elastic  fluid,  the  same  quantity  of  heat 
will  be  liberated,  and  communicated  [to  this  gas,  but  it 
may  not  produce  the  same  elevation  of  temperature.  If 
the  gas  employed  have  a  greater  capacity  for  caloric  thaii 
an  equal  volume  of  atmospheric  air,  it  will  of  course 
suff^er  less  alteration  of  temperature  ;  and  thus,  by  mul- 
tiplying experiments  with  the  requisite  precautions,  the 


I  eonparatlve  capai;iti*«  <A  thuic  fl^wlfc  might  he  dfHitt" 

This  Diethod  k  a  rcry  inpetmM  om.  '1  We  ajrpear, 
ito^tver,  to  be  aome  diActtlties  atUndiag  due  ex«ctttkm 
1^  tt»  wiikfa  affect  k<  accuracy ;  for  five  re««l<:8  obtaiocd 
from  it  b'4frt  not  been  tiiufcrcn.  'lite  only  fact  «tate<d  by 
llr  Lnlie  with  regard  to  it  wa«,  tkM  hydrof^  fizt,  em 
it$  adtmmum^  mStred  exactly  the  tame  change  of  tett" 
pcratttrc  a&  atmoftpheric  air  ;  axid  that  hunce,  in  the  ftame 
^)ace,  they  both  contaisi  equal  meztmret  of  Itcat.  V/i^i'ic 
G^iy  l>«Mac«  who  hat  otade  a  numbar  of  cxp«rrirr>«-nte  with 
an  apparatofi  of  thtf>  kind,  has  ob«enred,  that  with  regstri 
io  thi«  fact,  there  mMt  be  fr^me  error  ;  ^  for  tl»e  varia- 
^  tiom  of  tempecaoice,  whkh  these  two  daftae  fluids  (at- 
^  a>oefheric  air  aad  hjAnfim  ^}  produce,  ase  very  dif' 
^  ictetttf  aod  cniseqtieaidy  the  coockiMOO,  that  dtey  cott- 
*  tain,  under  d>e  ^Siatne  vofaune,  the  same  qoanttty  of  ca>- 

loric,  hUt  to  the  gsotuMt"  Ai  tlie  rewxk  of  bu  ex- 
pertinents,  be  kmad,  that,  other  circumftanc^  being  e^ 
jfual,  the  vMtationB  of  temperature  produced  by  the 
'duMges  of  vofaune  of  gaoes  are  greater,  at  they  are  of 
iet«  i)aed£c  gravky ;  wiience  he  coociuded,  that  tbeir 
capacitiet  for  caloric,  under  equal  vohimes,  are  greater, 
a^  their  i^ecific  grarities  are  kw.  Ucace  hydnigen  gas 
k  that  which  ka«  the  largest  capacity ;  a«  oxygen  ^nd 
•utrogen  gam  difer  little  ia  vpeci&c  gra»ity,  it  foilowe, 
he  a<ld«,  that  Aey  muit  hare  nearly  the  »ame  capacity  ; 
and  the  capacity  o€  carbonic  acid  ga«  i»  inferior  to  their*. 
Ihe  preci»e  retatWM,  li^wever,  he  had  oot  'vucceeded  in 
<ieterauoing 
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Mr  Dalton  has  proposed  still  'another  method,  resting 
on  the  assumption,  that  "  the  quantity  of  heat  belonging 
«  to  the  ultimate  particles  of  all  elastic  fluids  must  be  the 
«<  same,  under  the  same  pressure  and  temperature  and 
from  this  he  has  calculated  the  capacities  of  a  number  of 
the  gases  *.  In  a  subject  so  obscure,  however,  as  the  re- 
lations of  caloric,  we  cannot  place  much  confidence  in 
results  resting' solely  on  a  hypothetical  assumption  ;  and 
were  we  even  to  admit  it,  in  the  present  case,  as  a  proba- 
ble one,  the  inferences  are  involved  in  all  the  difficulties 
and  imperfections  of  the  investigation  of  the  weights  of 
the  ultimate  atoms  of  bodies. 

Since  different  bodies,  whether  in  equal  weights  or 
volumes,  contain,  at  the  same  temperature,  different  quan- 
tities of  caloric,  there  must  be  some  cause  by  which  this 
difference  is  produced ;  something  in  the  relation  of  bo- 
dies to  caloric,  varying  in  its  intensity  in  each,  by  which 
one  requires  a  quantity  different  from  that  required  by 
others,  to  produce  the  same  change  in  its  temperature. 

The  property  itself  has  been  termed  the  capacity  of 
bodies  for  heat,  or,  adapting  the  expression  to  the  esta- 
blished nomenclature,  the  capacity  of  a  body  for  contain- 
ing caloric.  This  phrase  is  not  perhaps  free  from  ambi- 
guity, and  it  has  accordingly  been  misunderstood.  But 
if  it  be  considered  as  expressing  merely  the  general  fact, 
that  different  bodies  contain,  at  equal  temperatures,  and 
in  equal  quantities  of  matter,  different  quantities  of  calo- 
ric, or  rather,  as  denoting  the  property  by  which  they  do 
sp,  without  its  being  understood  to  convey  any  idea  as  to 
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the  cause  of  that  fact  or  property,  the  expression  cannot 
lead  into  error.  It  is  in  this  sense  that  it  is  employed  by 
those  philosophers,  to  whom  we  are  indebted  for  our 
knowledge  of  this  subject,  and  by  no  means  aS  express- 
ing mere  capaciousness  as  some  have  supposed.  The  ca- 
loric thus  contained  in  bodies  in  quantities  peculiar  to 
each,  was  named  by  Wilcke  their  specific  heats,  by  Craw- 
ford their  comparative  heats.  The  phrase  Specific  Calo- 
ric, is  now  generally  used  to  express  it,  and,  as  applied  to 
any  particular  body,  denotes  the  quantity  of  caloric  which 
any  weight  of  it  at  a  given  tempefature  contains,  com- 
pared with  the  quantity  which  another  body  in  the  same 
weight,  and  at  the  same  temperature,  contains.  Thus 
the  specific  caloric  of  water  is  said  to  be  to  that  of  milk 
at  1000  to  999. 

Of  the  relation  between  this  property,  the  agent  on 
which  it  operates,  and  the  state  with  regard  to  temper- 
ature to  which  it  gives  rise,  the  following  clear  statement 
is  given  by  Dr  Crawford  ;  the  term  heat  in  his  language 
1  being  synonymous  with  caloric  :     The  temperature,  the 
I  "  capacity  for  containing  heat,  and  the  absolute  heat 
\\  "  contained,  may  be  distinguished  from  each  other  in  the 
ji  •*  following  manner  :  The  capacity  for  containing  heat^ 
||  "  and  the  absolute  heat  contained,  are  distinguished  as  a 
||  "  force  from  the  subject  upon  which  it  operates.  Wbgri 
(!  "  we  speak  of  the  capacity,  we  meain  a  power  inherent 
tj  *'  in  the  heated  body  )  when  we  speak  of  the  absolute 
I  "  heat,  we  mean  an  unknown  principle  which  is  retained 
il  •*  in  the  body  by  the  operation  of  this  power  ;  and  wheni 
jrl  "  we  speak  of  the  temperature,  we  consider  the  unknown 
I  "  principle  as  producing  Certain  effects  upon  the  thermo^ 
^     Vol..  I.  Z 
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"  meter,"    The  capacity  for  containing  heat  may  coiv  ■ 
tinue  unchanged,  while  the  abtsclute  heat  is  varied  inda-  ■ 
finitely »  and  by  .  evemy  addition  of  absolute  heat  inthifti 
casej  the  temperature  will  be  increased,  or  by  its  abstrac- . 
tlou  vifill  be.  reduced-  . 'ATie.. temperature  of  a  body,  there-  ■ 
fore,  depends  on  its  Jfapacity,  and  on  the  quantity  of  heali ; 
conrt»t\utii!cated.it9.;i;t  ii  and  ifrcRj  a  variation  of  either,  a  ' 
change  ill. tli^  temperature  must  result.    If  the .  capacity, 
be  enlarged,  the  quantity  of  caloric  remaining  the  same, 
the  temperature  must  fall ;  if  it  be  diminished,  the  tem- 
perature will, rise,  in  precisely  the  same  way  as  if  the  ca* 
pacity  had  remain^  constant,  and  caloric  had  been  com- 
municated or  withdrawn. 

It  must  be  obvious,  from  the  nature  of  the  experiment 
by  which  the  capacities  of  bodies  are  ascertained,  that 
tliey  are  not  absplute^  We  discover  only  how  much 
caloric  a^^^ody  gives  out  or  absorbs  during  a  certain 
change  of  temperature  ;  and  by  observing  at  the  same 
time  til®,  change  of  temperature  which  the  body  from 
which  it  ba&  received,  or  to  which  it  has  given  this  calo- 
ric,,sufFeiis»-,We  ascertain  the  comparative  quantities  ne- 
cessary  to'prod,uce  equal. changes  of  temperature  in  these 
bodies.  -.Butj. we  do  not  learn  thie  proportion  which  the 
q.uajfit;i.t^  in.,  each  bears  to  the- whole  caloric  it  contains, 
a?id:l^?erefor.eithe  capacities  are  to  be  regarded  zs  merely 
coAT^altativev.  .  Hence  it  becopies  necessary  to  assume  a» 
arbitrary  s^apdaird,  to  which  the  others  are  referred.  Wa»- 
tjsr  is.,taJveA:3S  this;  standard.  Its  capacity  is  stated  afr 
loop,  aoad  tp  t^js  tlie  capacities  of  other  bodies,  whether 
gr^atsi!  W  Js^s*  referred.  Thus  the  capacity  of  by^ 
drogen  gas' is,  stated  as  21.400  ;>  implying,  that  if  at  any 


FOR  CALORIC. 


355 


given  temperature,  a  certain  weight  of  water  contain  1000 
parts  of  caloric,  the  same  weight  of  hydrogen  gas,  at  the 
same  temperature,  will  contain  21.400  such  parts.  The 
capacities  have  sometimes  been  estimated,  by  comparing 
bodies  in  equal  volumes,  and  sometimes  by  comparing 
them  in  equal  weights.  The  latter,  however,  can  be  done 
with  most  accuracy  ;  and.  it  is  also  proper  to  refer  the 
quantity  of  caloric  contained  in  a  body  to  the  quantity  of 
matter,  as  it  is  by  the  action  of  this  matter  on  it  that  the 
proportion  of  caloric  is  regulated.  The  capacities,  as  they 
relate  to  equal  volumes,  may  be  easily  found  by  multiply- 
ing the  number  expressing  the  capacity  or  specific  caloric 
of  any  substance  as  estimated  by  its  weight,  by  the  num- 
ber which  denotes  the  specific  gravity  of  that  substance, 
the  product  being  the  specific  caloric  estimated  by  the 
volume. 

From  these  observations,  the  following  table  of  capaci- 
ties will  be  easily  understood,  the  capacity  of  water  being 
taken  as  the  standard  1.0000,  to  which  the  capacities  of 
the  other  bodies  in  equal  weights  are  referred.  As  , the 
capacities  of  bodies  are  different  as  they  exist  in  the  Solid, 
liquid,  or  aeriform  state,  I  have  subdivided  the  table  ac- 
cording to  these  forms.  I  have  also  separated  the  results 
which  have  been  established,  by  different  modes  of  ex- 
periment, as,  from  the  observations  already  made  in 
istating  these,  it  must  be  obvious,  that  they  cannot  be  of 
equal  authority,  and  that,  from  the  very  essential  diffe- 
rences in  the  principles  from  which  they  are  deduced, 
they  ought  to  be  preserved  apart.  The  first  and  principal 
table  comprises  the  results  which  have  been  obtained  by 
the  mode  of  mixture,  and  by  the  calorimater,  these  a- 
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grdcing  in  principle,  or  the  capacities  as  found  by  them 
being  inferred  by  measuring  the  quantity  of  caloric  given 
out  by  a  body  in  suffering  a  certain  change  of  tempera- 
ture, by  the  effect  that  quantity  produces  on  another  body 
to  which  it  is  communicated.  Dr  Crawford's  experiments 
form  the  basis  of  this  table,  and  to  the  results  resting  on 
his  authority  I  have  added  those  established  by  Irvine, 
Wilcke,  Gadolin,  and  Lavoisier  and  l.a  Place,  and  also 
the  capacities  of  some  solids  ascertained  by  Mr  Dahon  by 
this  method.  Besides  these,  Magellan  gave  a  table  of 
specific  heats,  cornmunicated  to  him  by  Mr  Kirwan  ;  with 
regard  to  which,  however,  there  is  considerable  obscurity. 
A  number  of  them  are  tho§e  which  were  given  by  Dr 
Crawford  in  the  first  edition  of  his  treatise  on  heat,  which 
he  afterwards  corrected.  But  there  are  also  several  which 
were  not  in  Crawford^s  table.  These,  it  is  to  be  presum- 
ed, were  ascertained  by  Mr  Kirwan,  and  I  have  therefore 
referred  them  to  his  authority,  though,  strictly  speaking, 
they  are  to  be  regarded  only  as  reported  by  Magellan. 
The  second  table  comprises  the  results  that  have  been 
obtained  with  regard  to  the  capacities  of  bodies  from  ob- 
setving  their  times  of  cooling.  These  were  established 
by  the  experiments  of  Meyer,  Leslie,  and  Dalton.  The 
third  table  denotes  the  capacities  of  aerial  fluids,  inferred 
by  Mr  Dalton,  from  the  assumption  that  the  quantity  of 
heat  belonging  to  the  ultimate  particles  of  all  elastic  fluids 
miist  be  the  same  under  the  same  pressure  and  tempera- 
ture and,  of  course,  differs  from  the  others  in  not  resting 
on  experiment.  Through  the  whole,  the  initial  letter  of 
the  name  of  each  author  is  annexed  to  the  numbers  of  the 
substances,  the  capacities  of  which  he  ascertained  •,  and 
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where  a  dlfFerence  exists  in  the  capacity  of  any  borfy  as 
ascertained  by  different  chemists,  I  have  given  it  accord- 
ing to  each,  with  a  reference  by  numbers,  within  brackets, 
to  the  diffisrent  statements,  that  the  authorities  may  be 
compared,  and  that  selected  on  which  it  may  be  suppos- 
ed most  reliance  is  to  be  placed. 


TABLE  OF  CAPACITIES.  NO.  I. 

Gases, 

1  Hydrogen  gas,  (192) 

2  Oxygen  gas,  (197) 

3  Atmospheric  air,  (194) 

4  Aqueous  vapour,  (199) 

5  Carbonic  acid  gas,  (207) 

6  Nitrogen  gas,  (193) 

Liquids. 

7  Solution  of  carbonate  of  ammonia,  (154) 
8  of  brown  sugar, 

9  Alkohol,  (15,  44,  158) 

10  Arterial  blood,  -  -  - 

11  Water,  .... 

12  Cows  milk,  (153) 

13  Sulphuret  of  ammonia, 

14  Solution  of  mur.  of  soda,  1  in  10  of  water, 

15  Alkohol,  (9,  44,  158) 

16  Sulphuric  acid,  diluted  with  10  of  water, 

17  Solution  of  muriate  of  soda  in  6.4  of  water, 

18  Venous  blood,  ... 

1 9  Sulphuric  acjd,  with  5  parts  of  water, 

20  Solution  of  muriate  of  soda  in  5  of  water, 

21  Nitric  acid,  (39,  159) 

22  Solution  of  sulphate  of  magnesia  in  2  of  water, 

23   muriate  of  soda  in  8  of  water, 

24  muriate  of  soda  in  3.33  of  water, 

25  -  nitrate  of  potassa  in  8  of  water, 

Z3 


21.4000  C. 
4,7490  — 
1.7900  — 
1.5500  — 
1.0454  — 
.7936  — 


1.8510  K. 
1.0860  — 
1-0860  — 
1.0300  C. 
1.0000 

.9999  C. 

.9940  K. 
.9360  G. 

.9300  Ir. 

.9250  G. 

.9050  — 

.8928  C. 

.8760  G. 

.8680  — 

.8440  K. 

.8440  — 

.8320  K. 

.8208  G. 

.8167  h. 
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'20  Sfiliition  of  muriate  of  eoda  in  2  8  of  water,  .8020  G. 
^21  muriate  of  ammonia  in  1,5  of  water,  .7Q80  K. 

28  muriate  of  soda  saturated,  or  in  2.G9 

of  water,  -  -  .7930  G. 

29  supertartrate  of  potassa  in  237.3  of 

water,  -  -  .7650  K. 

30  cai-bonate  of  potassa,  -  .7590  — 

31  Colourless  sulphuric  acid,  (51,55,  56,  57,  173)  .7580  — 

32  Sulphuric  acid,  with  2  parts  of  water,  .74^90  G. 

33  Solution  of  sulphate  of  iron  in  2.5  of  water,  .7340  K. 
34-  Solution  of  sulphate  of  soda  iii  2.9  of  water,       .7280  — 

35  Olive  oil,  (172)  -  -  .7100  — 

36  Water  of  ammiJtiia,  specific  gravity,  0.997,  (152)  .7080  — 

37  Muriatic  acid,  specific  gravity  1.122,  (169)  .6800 

38  Sulphuric  acid,  4  parts  with  5  of  water,  .6631  L. 

39  Nitric  acid,  specific  gravity  1.29895,  (21,  159)  .6613  — 

40  Solution  of  alum  in  4.45  of  water,        -  .6490  K. 

41  Mixture  of  nitric  acid  with  lime,  9j  to  1,  .6189  L. 

42  Sulphuric  acid,  with  an  equal  weight  of  water,    .6050  G. 

43  > — ___  _  4  parts  with  3  of  water,  .6031  L. 

44  Alkohol,  (9,  15,  158,  165)  -  .6021  C. 

45  Nitrous  acid,  specific  gravity  1.354,  .5760  K. 

46  Linseed  oil,  -  -  -  .5280  — 

47  Spermaceti  oil,  (53,  171)  -  -5000  C. 

48  Sulphuric  aeid,  with  i  of  water,  -  .5000  G. 

49  Oil  of  turpentine,  (52)  -  -  .4720  K. 

50  Sulphuric  acid,  with  f  of  water,  -  .4420  G. 

51  Sulphuric  acid,  (31,  55,  56,  57,  173)  .4.290  C. 

52  Oil  of  turpentine,  (49)  -  -  .4000  I r. 

53  Spermaceti  oil,  (47,  171)  -  -3990  K. 

54  Red  wine  vinegar,  (155)  -  .3870 

55  Sulphuric  acid,  concentrated  and  colourless,  (31). 3390  G. 

56  ,  specific  gravity  1.87058,  .3345  L. 

57.  (31,  51,  174)        .       -        .3330  Ir. 

58  Spermaceti  melted,  -  -  .3200 

59  Quicksilver,  specific  gravity  13.30,  (175)         .0330  K. 

60   -  -  " 

61   

g2   


.0990  L. 
.0290  W. 
.0280  Ir. 
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Solids  • 

.9000  K. 

D*  

.8000  Ir. 

DO  wx  niuc}  witn  me  nair, 

.7870  C. 

.7690  — 

67  Bcf^f  of  an  oxj            -            -  - 

IxiCcj                    *                    •  - 

'5060  C. 

69  Horse  beane, 

Titled    r\T   f  no   nlriA   ft*;^^                           •  . 

/U  j-fust  or  cne  pinc-trccj  • 

.5000   

/ 1  xcasej               •               -  - 

/  ^      V »  llcHLy                              -  - 

4770 

.4500  G. 

T      lilt  1  r*  It  ( 1  m*a    itn  t  n    uon  frpt"     in  t"!!**  rsi*rtnr\*'f"i^m 
/X    VVUlLA.IlUlCy   Willi    WulCJj    111   lllC   p  1  <JUUl  LIUll 

of  16 

Q  - 

lU   C7>                           -                           «  - 

.4^91  L 

C    'R'lrluir                        _                       _  . 
/ Jjailwyi                       -                       •  - 

4,910  C 

41  (SO  — 

RQ'iO  CI 

i  R    l^a  rnrmii  tf*  f^r  mil  rrnpctJi  ~ 

'7Q  Pi"ii<i<?ian  ni hp  . 

ssoo  

ftn  Onirlrlimp 

2800  G 

fi9  Pit-roal 

0777  p 

84.  Chalk.               .  _ 

9700*  n 

8/5  Artifinnl  crvnfiiim- 

86  Charcoal.  <'77^  . 

96'il  C 

87  Chalk.  f84'.  96) 

88  Rust  of  iron,            -            -  . 

89  White  clay,  . 

90  Sea-salt,  (94) 

91  White  oxide  of  antimonv  washeH 

9979  P 

92  Oxide  of  copper,           -           .  . 

98  Ouicklime.  ^80  9  j) 

.ZJiorf  — 

94?  Muriate  of  soda  in  crystals,  (90) 

.'2y60  G. 

95  Quicklime,  (80,  93) 

.^2168  L. 

96  Chalk,  (84..87) 

.2070  G. 

97  Crown  glass, 

.2000  Ir. 

98  Agate,  specific  gravity  264S, 

.19.50  W. 

Z  4 
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99  Earthen-ware, 

100  Crystal  glass  without  lead, 

101  Cinders, 

102  Flint-glass,  specific  gravity  287,  (106) 

103  Sulphur, 

104,  (109) 

105  Ashes  of  cinders,  . 
.106  White  glass,  specific  gravity  2.386,  (102) 

107  White  clay  burnt,  -  . 

108  Black  lead, 

109  Sulphur,  (103,  104) 

110  Oxide  of  antimony,  nearly  free  qf  air, 

111  Rust  of  iron,  ditto,  ditto, 

112  Ashes  of  elm -wood, 

113  Iron,  (116,  118,  119,  123) 

114  Oxide  of  zinc,  nearly  freed  from  air, 

115  White  cast  iron,  ... 

116  Iron, 

117  White  oxide  of  arsenic, 

118  Iron,  (113,  116,  119,  123) 

119  Iron,  specific  gravity  7876, 

120  Cast-iron  abounding  in  plumbago, 

121  Hardened  steel, 

122  Steel  softened  by  fire, 

123  Soft  bar  iron,  specific  gravity  7-724,  (118) 

124  Brass,  specific  gravity  8356,  (126) 

125  Copper,  specific  gravity  8.785,  (127) 

126  Brass,  (124)  .  - 

127  Copper,  (125,  134) 

128  Sheet  iron, 

129  Zinc,  specific  gravity  7154,  (136) 
130   .... 

131  Nickel,  .  .  -  - 

132  White  oxide  of  tin,  nearly  free  of  air, 

133  Cadt  pure  copper,  heated  between  charcoal, 

cooled  slowly,  specific  gravity  7907, 

134  Hammered  copper,  specific  gravity  9150, 

135  Oxide  of  tin,  (132) 
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136  Zinc,  (129) 

.0943  C. 

137  Ashes  of  charcoal, 

.0909  — 

138  Sublimed  arsenic, 

.0840  G. 

139  Silver,  specific  gravity  10.001, 

.0820  W. 

140  Tin,  (14.5) 

.0704  G. 

141  Yellow  oxide  of  lead. 

.0680  — 

142  White  lead. 

.0670  G. 

143  Antimony,  - 

.0645  — : 

14.4   specific  gravity  6107, 

.0630  W. 

145  Tin,  specific  gravity  7380,  (140) 

.0600  W, 

146  Red  oxide  of  lead. 

.0590  G. 

147  Gold,  specific  gravity  1904, 

.0500  W. 

148  Vitrified  oxide  of  lead, 

.0490  G. 

149  Bismuth,  specific  gravity  9861, 

.0430  W. 

150  Lead,  specific  gravity  1145, 

.0420  W. 

151                    -           .           ,  . 

.0352  C. 

TABLE  OF  CAPACITIES.  NO.  II. 


Liquids. 

152  Solution  of  ammonia,  specific  gravity  948,  (36)  1.0300  D. 

153  Milk,  specific  gravity  1.026,  (12)         -        .9800  — 

154  Solution  of  carbonate  of  ammonia,  spec.  gr. 

1.035,  (7)  -  -        -        .9500  — 

155  Common  vinegar,  specific  gravity  1.02,  (54)     .9200  — 

156  Solution  of  common  salt,  spec.  gr.  1.197,        .7800  — 

157  Solution  of  sugar,  specific  gravity  1.17,  .7700  — 

158  Alkohol,  specific  gravity  85,  (9,  15,  44,)        .7600  — 

159  Nitric  acid,  specific  gravity  1.2  (21,  39)  .7600  — 

160  Solution  of  carbonate  of  potash,  spec.  gr.  1.30  .'7500  — 

161  Alkohol,  specific  gravity  817,  .7000  — 

162  Nitric  acid,  specific  gravity  1.30,  (39)  .6800  — 
J63  Acetic  acid,  specific  gravity  1056,        -         .6600  — 

164  Sulphuric  ether,  specific  gravity  76,         -        .6600  — 

165  Alkohol,  (9,  15,  158,  161)  -  .6400 Les. 

166  Nitric  acid,  specific  gravity  136,  (45)  .6300  D. 

167  Nitric  acid,  .  -  .        .6200  Lex. 
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168  Sol.ition  of  nitrate  of  Ume,  specific  gravity  lA;  .6200  D. 


169  Muriatic  acid,  spec.  gr.  1.1.53, 

170  Sulphuric  acid  and  water  equal  bulk, 

171  Spermaceti  oil,  (47,  53.) 
173  Olive  oil,  (35) 

173  Sulphuric  acid,  specific  gravity  1.844, 

174  Sulphuric  acid,  (31,  51,  56.) 

175  Quicksilver,  (59,  60) 


.6000  -- 
.5200 
.5200  _ 
.5000  Leg. 
.3500  D. 
.  3400  Les. 
.0400  D. 


Solids, 


176  Scotch  fir  wood, 

177  '  Lime  tree  wood, 

178  Spruce  fir  wood, 

179  Pitch  pine  wood, 

180  Apple  tree  wood, 

181  Aider  wood, 

182  Sessile-leaved  oak  wood, 

183  Ash  wood, 

184  Pear  tree  wood, 

185  Beech  wood, 

186  Hornbeam  wood, 

187  Birch  wood, 

188  Elm  wood, 

189  Pedunculated  oak  wood, 

190  Prune  tree  wood, 

191  Ebony  wood. 


.6500  M. 
.6200  — 
.6000  — 
.5800  — 
.5700  — 
.5300  — 
.5100  — 
.5100  — 
.5000  — 
.4900  — 
.4800  — 
.4800  — 
.4700  ■- 
.4500  ~ 
.4400  — 
.4300  — 


XABLK  OF  CAPACITIES.  NO.  HI. 


192  Hydrog^cn  gas,  (I) 

193  Nitrogen  gas,  (6) 

194  Atmospheric 'air,  (3) 

195  Ammoniacal  gas, 

196  Olefiant  gas, 

197  Oxygen  gas,  (2) 

198  Carburetted  hydrogen  gas, 

199  Aqueous  vapour,  (4) 


9.382  D. 
1.866  — 
1.759  — 
1 .555  — 
1.555  — 
1.333  — 
1.333  — 
1.166  — 
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200  Ether  vapour, 

.84.8  — 

201  Nitric  oxide  gas,  - 

.777  — 

202  Carbonic  oxide  gas, 

.777  — 

203  Alkohol  vapour, 

.586'— 

20-t  Sulphuretted  hydrogen  gas, 

.583  — 

205  Nitrous  oxide  gas. 

.549  — 

206  Nitric  acid  vapour. 

.491  — 

207  Carbonic  aeid  gas,  (5), 

.491  — 

208  Muriatic  acid  gas. 

.424  — 

The  question  will  naturally  suggest  itself,  To  what 
cause  is  the  difference  in  the  capacities  of  bodies  to  be 
ascribed  ?  or,  to  take  the  more  general  statement  of  the 
question,  What  is  the  nature  of  that  property  by  which 
one  body  requires"  more  caloric  than  another,  to  produce 
the  same  temperature  ? 

In  prosecuting  this  inquiry,  the  general  fact  is  soon 
presented  to  us,  that  there  is  an  intimate  connection  be- 
tween the  capacities  of  bodies  for  caloric,  and  their  state 
with  regard  to  rarity  or  density.  We  find,  on  examina- 
tion, that  those  bodies  which  contain  the  least  quantity 
Qf  caloric  at  a  giyen  temperaturej  or  which,  in  other 
words,  have  the  least  capacity,  are  those  of  greatest  den- 
sity, such  as  the  metals,  and  their  more  dense  combina- 
tions ;  and,  on  the  other  hand,  sijbstances  of  the  greatest 
rarity — the  different  elastic  fluids  or  airs,  are  those  which 
have  the  greatest  capacities  for  caloric.  Even  of  these, 
the  one  which  is  the  most  rare,  and  which,  indeed,  is 
the  substance  of  greatest  rarity  whose  gravity  we  can 
ascertain,  is  that  which  Jias  the  largest  capacity  of  any 
known  body. 
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Not  only  is  there  this  intimate  connection  between  the 
density  of  a  body  and  its  capacity  j  we  can  even  change 
the  capacity  by  changing  the  density ;  in  particular,  by 
rarifying  a  body  we  produce  such  a  change  in  its  capacity 
that  it  requires  more  caloric  to  keep  up  its  existing  tem- 
perature. This  is  conspicuous  in  those  substances  which 
are  most  susceptible  of  rarefaction,  the  aeriform  fluids. 
When  any  species  of  air  is  rarified  by  the  air-pump,  its 
temperature  falls,  obviously  from  the  increased  rarity 
enabling  the  air  to  contain  a  larger  quantity  of  caloric  at 
a  certain  temperature,  and  as  this  caloric  cannot  be  im- 
mediately absorbed  from  the  surrounding  bodies,  the 
temperature  of  the  air  sufFering  rarefaction  must  be  re- 
duced. On  the  contrary,  by  compressing  any  aeriforn> 
fluid,  caloric  is  extricated,  the  capacity  being  diminished 
by  the  reduction  of  volume.  The  changes  of  tempera- 
ture from  these  causes,  it  has  been  shown  by  Mr  Dalton, 
are  greater  than  what  they  appear  to  be  on  experiment, 
owing  to  the  surface  of  the  contiguous  vessel  rapidly  ab- 
sorbing or  yielding  caloric,  and  thus  quickly  checking 
the  actual  change  *.  To  this  cause  also  is  undoubtedly 
to  be  referred  a  fact  discovered  by  Mr  Watt,  and  which 
otherwise  appears  anomalous,  which  has  indeed  appeared 
so  much  so  to  Berthollet,  that  he  is  unwilling  to  admit 
it  f  :  "  That  the  latent  heat  of  steam,"  (which,  as  w^ 
shall  afterwards  shew,  depends  on  the  capacity,  "  is  less 
**  when  it  is  produced  under  a  greater  pressure,  or  in  a 


*  Manchester  Memoirs,  vol.  v. 
t  Chemical  Statics,  vol.  i.  p.  4fl5. 
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f<  more  dense  state,  and  greater  when  it  is  produced  un- 
der  a  less  pressure,  or  in  a  less  dense  state  *." 
When,  by  other  means,  we  have  changed  the  volume 
I  of  a  body  without  materially  altering  its  nature,  we 
I  change  at  the  same  time  its  capacity  for  caloric.  A 
striking  fact  of  this  kind  is  stated  by  Mr  T.  Wedgwood. 
The  clay  of  which  the  pyrometer  pieces  are  prepared, 
he  found  has  .  its  capacity  diminished  one-third,  by  being 
burnt  to  120"  of  the  pyrometrical  scale,  and  thus  redu- 
■ced  to  about  one-half  of  its  bulk,  and  as  it  loses  in  weight, 
he  adds,  little  more  than  two  grains  in  a  pound,  the  di- 
minution of  capacity  can  only  be  ascribed  to  its  conden- 
sation f .  Lastly,  when  we  combine  substances  together, 
if  the  combination  be  attended,  as  it  frequently  is,  with 
an  increase  of  density,  it  is  also  attended  with  a  diminu- 
tion of  capacity,  as  is  exemplified  in  the  combinations  of 
alkohol  or  of  sulphuric  acid  with  water. 
St  So  far  the  connection  appears  intimate  between  the 
rarity  of  bodies  and  their  capacities.  These,  however, 
•are  by  no  means  proportional  to  each  other.  On  the 
■contrary,  the  deviations  are  considerable  and  numerous, 
Water,  for  example,  has  a  capacity  to  that  of  mercury  as 
28  to  1,  while  the  specific  gravity  of  the  one  is  to  that  of 
the  other  as  1  to  13.  Alkohol  is  considerably  less  dense 
than  water,  yet  instead  of  having  a  greater  capacity,  it 
has  a  less  one,  in  the  proportion  of  602  to  1000.  A 
number  of  similar  examples  might  be  stated,  which  prove 
that  the  capacities  of  bodies  cannot  be  regarded  as  in- 
versely as  their  densities. 


*  Philosophical  Transactions,  vol.  Ixxiv.  p.  335. 
t  Philosophical  Transactions  fer  1792,  p.  280. 
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Admitting  the  materiality  of  caloric,  there  is  no  dout 
that  this  might  be  ascribed  to  the  attraction  by  which  it 
is  contained  in  bodies.    Its  particles  on  this  hypothesis, 
being  mutually  repellent,  its  tendency  is  to  diffuse  iu- 
self  equally,  and  did  no  foreign  power  operate,  it  wouldt 
be  contained  in  all  bodies,  the  temperatures  being  alike,, 
in  quantities  proportioned  to  the  spaces  they  occupy.. 
But,  when  introduced  into  bodies,  an  attraction  being 
exerted  towards  it,  modifies  the  law  which  would  other-  • 
wise  be  observed,  and  this  being  different  in  its  intensity ' 
in  different  bodies,  might  give  rise  to  the  specific  quan^ 
tities  which  they  contain'.    Accordingly,  Dr  Crawford 
found,  what  was  conformable  to  this  view,  that  more  cal- 
oric  is  contained  at  a  given  temperature  in  a  certain  vo- 
lume of  atmospheric  air,  than  in  a  vacuum  of  the  same 
space  *. 

This,  on  the  hypothesis  of  the  materiality  of  caloric, 
must  be  regarded  as  the  just  view  of  this  interesting  and 
difficult  question, — the  cause  of  the  different  capacities 
of  bodies  for  caloric.  The  tendency  of  this  power  is  to 
diffuse  itself  equally  over  space,  and  of  course  to  exist  iti 
bodies  in  quantities  proportioned  to  the  void  spaces  be- 
ttveen  their  particles,  oY  rather  to  the  distances  to  which, 
by  its  elasticity,  and  their  relative  force  of  cohesion,  it  is 
capable  of  separating  them  at  A  gWen  temperature.  But 
it  will  not  exert  this  elasticity  undisfurbed  j  ar^  attraction 
must  be  exerted  towards  it  by  the  particles  between 
which  it  is  interposed,  and  by  this  attraction  it  may  be 
condensed;  and  the  attraction,  it  may  be  presumed,  bff- 


*  Treatise  on  Animal  Heat,  p.  266. 
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ug  cllfFereut,  as  exerted  by  difFerent  bodies,  hence  may 
arise  the  dilTerence  m  the  quantity  of  it  contained  in  dif- 
ferent bodies  at  any  given  temperature.  That  the  attraction 
alone,  however,  is  not  the  cause,  is  evident  from  the  fact, 
that  by  increasing  the  quantity  of  matter,  in  a  given  vo- 
lume, as  by  compression,  so  far  from  increasing  the  quan- 
tity of  caloric,  which,  at  a.  given  temperature^  may  be 
contained  in  tliat  volume,  we  actually^ diminish, it,  and 
lieuce  a  portion  i&  rendered  sensible. 

At  the  same  time,  in  the  ex(?rtion  of.  this  specific  at- 
traction, we  observe  none  of  the- usual  laiws  of  chemical 
affinity;  the  phenomena  attending  the  communication 
©r  abbtraction  of  caloric  are  totally  dissimilar  to  those  of 
chemical  combination;  it  exists  in  bodies  with  its . pro- 
perties unaltered,  the  quantitt/ tk^y  contain  only  being  de- 
termined by  the  attraction  they  exert  towards  it. 

It  was  the  observation  of  this  dissimilarity  to  chemical 
union,  and  likewise  of  the  fact  that  in  general  rare  bodies 
contain  more  caloric  at  a  given  temperature  than  those 
which  are  more  dense,  that  led.  to  the  conception  from 
which  the  term  Capacity  originated,  that  caloric  is  rather 
mechanically  diffused  through  bodies  than  chemically 
combined  with  them.;  that  it  merely  fills  the  interstices 
between  their  particles.  It  was  soon  discovered,  indeed, 
that  this  view  was  incorrect ;  but  still  as  the  term  capaci- 
ty had  been  introduced,  and  as  na  better  one  occurred,  it 
was  retained  to  express  the  unknown  cause  or  property  in 
bodies  by  which  they  contain  at  given  temperatures  their 
respective  quantities  of  caloric.  I  have  already  stated, 
that  it  is  not  strictly  just,  and  the  ambiguity  attached  to 
it  has  undoubtedly  given  rise  to  the  mistakes  on  this  sub- 
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ject,  and  the  misapprehension  of  the  theory  which  have 
been  so  frequent  among  chemists.  Yet  it  would  be  dif- 
ficult to  find  a  term  less  exceptionable.  That  of  Affinity 
would  equally  lead  to  misconception,  as,  besides  implying 
the  hypothesis  of  the  materiality  of  caloric,  it  suggests  the 
false  idea  that  the  state  in  which  caloric  exists  in  bodies 
is  similar  to  that  state  of  combination  into  which  substan- 
ces enter  from  the  exertion  of  energetic  chemical  attrac- 
tions. If  it  be  recollected  that  the  term  Capacity  for  Ca- 
loric denotes  merely  the  property  by  which  bodies  at  given 
temperatures  contain  their  respective  quantities  of  caloric, 
and  which  is  different  in  its  intensity  in  each,  there  can  be 
no  objection  to  its  use.  This  is  the  sense  attached  to  it 
by  Irvine  and  Crawford.  They  employed  it  not  to  de- 
note any  peculiar  cause,  mechanical  or  chemical,  but 
simply  as  the  expression  of  the  general  fact ;  and  it  has 
this  farther  advantage,  that  it  can  be  applied  with  equal 
propriety  whether  caloric  be  regarded  as  a  material  agent, 
or  merely  as  a  general  force.  Understood  in  this  manner, 
it  can  lead  into  no  error,  and  thus  defined  it  is  scarcely 
possible  to  misconceive  the  beautiful  theory  unfolded  by 
the  researches  of  these  philosophers. 

On  the  subject  of  capacities,  it  is  an  interesting  ques- 
tion, whether  they  are  permanent ;  in  other  words,  are 
they  the  same  at  all  temperatures  ?  Will  the  quantity  of 
caloric  which  raises  the  temperature  a  certain  number  of 
degrees  at  one  part  of  the  thermometrical  scale,  suppose 
at  the  medium  temperature  of  the  atmosphere,  raise  it  the 
same  number  of  degrees  at  any  otherj  even  the  most  re- 
mote temperature,  either  higher  or  lower  than  this  It  is 
obvious,  that  this  may  not  be  the  case,  but  that  the  capa- 
city may  be  irregular,  may  be  increased  or  diminished,  by 
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an  alteration  of  temperature,  or  that,  at  different  parts  of 
the  scale  of  heat,  the  change  in  the  actual  temperature, 
from  the  communication  of  a  given  quantity  of  caloric, 
may  be  either  greater  or  less  than  what  it  is  at  lower  tem- 
peratures. 

In  considering  this  question,  it  is  necessary  to  remark, 
that  the  capacities  of  bodies  are  altered  when  they  change 
their  forms.  When  they  pass  from  the  solid  to  the  fluid, 
or  from  the  fluid  to  the  aeriform  state,  their  capacities 
are  enlarged,  and  of  course  are  diminished  when  they  suf- 
fer the  reverse  changes.  But,  with  this  exception  of 
change  of  form,  are  the  capacities  of  bodies  permanent, 
or,  on  the  contrary,  do  they  require,  at  different  tempera- 
tures, diff^erent  quantities  of  caloric  to  produce  equal 
changes  ? 

This  was  made  the  subject  of  experiment  by  Dr  Craw- 
ford. The  experiment  consisted  in  mixing  together  equal 
quantities  of  the  same  body  at  different  temperatures.  If 
the  capacity  at  all  temperatures  between  these  were  uni- 
form, it  is  obvious,  that  the  temperature  formed  would  be 
the  precise  arithmetical  mean  ;  for,  on  that  supposition, 
the  quantity  of  caloric  abstracted  from  the  hotter  portion, 
and  communicated  to  the  colder,  would  raise  the  tempe- 
rature of  the  one  just  as  much  as  it  reduced  that  of  the 
other.  But  if  the  capacity  were  not  permanent,  if  it  was 
either  augmented  or  diminished  by  a  rise  or  fall  of  tem- 
perature, there  would  be  a  deviation  greater  or  less  from 
the  arithmetical  mean.  If  the  capacity,  for  example,  were 
greater  at  a  high  than  at  a  low  temperature,  then  the  tem- 
perature resulting  from  mixing  the  two  portions  together 
would  be  above  the  arithmetical  mean,  as  the  quantity  of 
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caloric  yielded  by  the  hotter  to  the  colder,  would  not  re- 
duce its  temperature  so  much  as  it  would  raise  that  of  the 
other  ;  and,  on  the  other  hand,  if  the  capacity  were  less 
at  the  high  temperature,  for  a  similar  reason,  the  re- 
sulting temperature  would  be  below  the  arithmetical 
mean^ 

To  determine  this,  Crawford  mixed  together  equal  por- 
tions of  hot  and  cold  water  •,  the  temperature  of  the  mix- 
ture was  the  mean  between  the  twc  •,  and  hence  he  con- 
cluded, that  the  capacity  of  water  is  permanent  in  all 
temperatures  between  its  freezing  and  boiling  points.  He 
then  extended  his  experiments  to  many  other  substances, 
especially  to  the  metals,  and  some  of  their  compounds, 
and  though  the  results  did  not  correspond  accurately  with 
the  supposition  of  a  permanence  of  capacity,  yet  they  a- 
greed  more  nearly  with  it  than  with  any  other :  "  Hence 
*<  we  may  conclude  in  general,"  he  adds,  "  that  the  ca-  t 

pacities  of  bodies  which  retain  the  same  form,  are  per- 
«*  manent  in  the  intermediate  temperatures  between  the 
«*  freezing  and  boiling  points  of  water    and  we  may  in-  ( 
«  fer  by  induction,  that  the  same  law  obtains  throughout 
**  the  whole  of  the  scale  of  heat  *." 

Admitting,  that  there  is  no  sensible  deviation  from  per- 
manence of  capacity  in  that  part  of  the  scale  of  tempera- 
ture intermediate  between  the  freezing  and  boiling  points 
of  water,  what  reason  is  there  to  infer  that  the  same  per- 
manence will  continue  at  all  temperatures  ?  There  is  ab- 
solutely none.  Not  only,  however,  is  the  conclusion  un- 
supported J  it  appears  to  me  far  from  being  improbable, 
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that  a  change  of  capacity  may  arise  from  changes  of  tem- 
perature, when  these  are  considerable  ;  and  if  the  view 
wliich  I  have  given  of  the  cause  of  the  difference  of  capa- 
cities in  bodies  be  just,  it  is  even  probable  that  such  a 
change  must  actually  take  place.    If  the  quantity  of  ca- 
loric contained  in  bodies,  be  in  part  proportioned  to  their 
rarity,  or  to  the  interstices  into  which  it  may  be  admitted, 
since  an  increase  of  temperature  is  accompanied  by  ex- 
pansion, it  seems  necessarily  to  follow,  that  it  must  give 
rise  to  some  enlargement  of  capacity,  or  that  the  body  in 
^this  state  must  admit  more  caloric,  proportioned  to  its 
temperature,  than  when  in  a  denser  state.  When  the  vo- 
lume of  a  body  is  increased,  without  the  direct  applica- 
tion of  caloric,  as  in  the  gases  by  withdrawing  pressure, 
"^their  capacities  are  augmented.    Is  it  not,  therefore,  rea- 
sonable to  believe,  that,  when  the  volume  is  augmented  by 
the  operation  of  caloric  itself,  there  should  still  be  an  aug- 
mentation of  capacity  ?  Indeed,  in  the  former  case,  the 
augmentation  of  volume,  and  ultimately  of  capacity,  are 
really  owing  to  the  operation  of  caloric ;  for  the  with- 
drawing pressure  only  removes  an  obstacle  to  its  exertion ; 
gnd  the  fact,  therefore,  at  once  proves,  that  when  the  vo- 
lume of  a  body  is  materially  enlarged,  by  the  operation  of 
caloric,  the  capacity  is  also  increased. 

The  influence  of  the  specific  attraction  of  bodies  to  ca- 
loric, in  determining  the  capacity,  may  indeed  be  still 
greater  than  that  of  the  volun^e ;  but  still  the  other  must 
operate  to  a  certain  extent,  and  this  extent,  it  is  not  pos- 
sible h  priori  to  determine,  for  we  do  not  know  the  rela- 
tive influence  of  these  two  causes  in  giving  rise  to  the 
specific  capacity,  and  still  less  do  we  know  the  araouot  of 
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expansion  through  the  whole  scale  of  temperature.  It  i» 
evident,  that  this  reasoning  is  not  in  the  slightest  degree 
weakened  by  the  fact,  admitting  it  to  be  established,  Hut 
"  the  capacities  are  permanent  between  the  freezing  and 
boiling  points  of  water  j  for  this  part  of  the  scale  of  tem- 
perature must  be  so  inconsiderable,  when  compared  with 
the  whole,  that  no  just  inference  can  be  drawn  from  any 
fact  relating  to  it,  as  to  what  will  happen  in  other  parts 
of  the  scale,  and  the  degree  of  expansion  which  bodies 
experience  in  passing  through  it  must  be  so  inconsidera- 
ble, compared  with  their  whole  expansion,  as  may  be  in^ 
capable  of  producing  any  sensible  deviation  from  the  per- 
manence of  capacity.  . 

There  is  room  to  doubt,  however,  whether  the  fact  is 
established  with  regard  even  to  this  interval  of  tempera- 
ture, for  there  is  a  source  of  error  in  the  experiment  of 
Crawford  to  establish  the  permanence  of  capacities,  in  | 
his  previously  taking  for  granted,  that  the  mercerial  ther-  | 
mometer  is  an  accurate  measure  of  temperature.  This  is  j 
established  by  the  very  experiment  by  which  the  perma-  1 
nence  of  capacity  is  established,  and  there  is  in  the  inves- 
tigation something  approaching  nearly  to  reasoning  in  a  i 
circle.    Equal  portions  of  water,  at  different  tempera-  f 
tures,  are  mingled  together,  and  it  is  observed  if  the  mean 
temperature  between  the  two  is  indicated  by  the  thermo- 
meter.   If  it  be,  it  is  concluded,  that  the  expansions  of 
the  thermometrical  fluid  are  equable,  and  of  course  that 
they  give  accurate  indications  of  temperature.    But  ia 
drawing  this  inference,  it  is  supposed,  that  the  capacity 
of  the  water  is  permanent ;  for  if  it  were  not,  it  is  possi-' 
ble  that  the  deviation  from  permanence  in  the  capacity 
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might  counterbalance  exactly  the  deviation  from  equality 
in  the  expansions  of  the  thermometric  fluid,  and  of  course 
conceal  it.    A^ain,  the  permanence  of  capacity  is  deter- 
mined by  the  very  same  experiment,  assuming  now  that 
the  thermomett  r  is  an  accurate  measure  of  temperature ; 
for  if  it  were  not,  it  is  equ;^lly  obvious,  that  its  irregula- 
rities might  counteract  irregularities  in  the  capacities,  and 
he  so  adjusted  to  them  as  precisely  to  balance  each  other,i 
in  consequence  of  which  a  thermometer  put  into  the 
htiingled  portions  of  fluid  should  indicate  the  precise 
arithmetical  mean.    Thus,  if  the  expansions  of  the  ther- 
mometric fluid  proceed  in  an  increasing  ratio,  the  tempe- 
rature indicated  by  the  thermometer,  in  the  mixture  of 
two  equal  portions  of  a  liquid  at  different  temperatures, 
must  be  below  the  real  mean.  If,  on  the  other  hand,  the 
capacity  of  the  liquid  increases  as  its  temperature  rises, 
the  resulting  temperature  would  be  above  the  mean.  Now, 
it  is  perfectly  possible,  that  both  these  conditions  may  be 
present,  and  modify  each  other.    The  experiment  there- 
fore is  indecisive ;  and  it  must  appear  to  be  still  more 
doubtful,  when  there  is  not  merely  thq  possibility  of  this, 
but  when  it  is  probable  k  priori,  both  that  the  expansions 
of  the  thermometer  proceed  in  an  increasing  ratio  as  the 
temperature  rises,,  and  tl>at  the  capacities  likewise  in- 
crease, v(rhence  such  an  adjustment  may  be  established  at 
least  to  a  certain  extent. 

Dr  Crawford,  sensible  of  this  source  of  uncertainty,  en- 
deavoured to  establish  the  regularity  of  the  mercurial 
thermometer  in  another  manner,  not  implying  any  thing 
as  to  the  permanence  of  capacity.  The  experiment  has 
been  already  stated,  (p.  159),  as  weU  as  the  conclusion 
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drawn  from  It,  that  the  mercurial  thermometer  is  very 
nearly  an  accurate  measure  of -temperature.  But,  as  has 
also  been  remarked,  Dr  Crawford  has  perhaps  rather  un- 
derrated the  increasing  expansions  of  mercury  ;  and  the 
thermometer  does  not  approach  so  nearly  to  accuracy  as 
he  supposed.  Of  course,  the  experiment  by  which  he  de- 
termined the  permanence  of  capacity  in  water  between 
32°  and  212^,  is  not  perfectly  conclusive.  The  proba- 
bilities still  continue  in  favour  of  the  conclusion,  that  its 
capacity  is  not  permanent,  but  that  it,  in  con^mon  with 
all  bodies,  suffers  an  increase  of  capacity  with  augmenta- 
tion of  temperature. 

That  this  is  the  case  with  regard  to  some  bodies,  has 
even  been  ascertained.    Gadolin  observed  it  in  linseed 
oil,  and  Crawford  in  some  saline  solutions,  and  in  a  mix- 
ture of  sulphuric  acid  and  water,  and  of  alkohol  and  wa- 
ter. Crawford  ascertained  this,  by  finding,  that  when  the 
constituent  parts  of  these  solutions  or  mixtures  were  mix- 
ed at  a  high  temperature,  they  produced  less  sensible  heat 
than  when  mixed  at  a  low  temperature  ;  the  compound, 
in  the  former  case,  being  capable  of  containing  more  ca- 
loric than  in  the  latter ;  and  he  confirmed  this  by  direct 
experiment,  mixing  together  equal  parts  of  diluted  sul- 
phuric acid  at  different  temperatures,  when  he  found  the 
resulting  temperature  greater  than  the  arithmetical  mean*. 
Now,  if  even  in  the  small  part  of  the  scale  of  tempera- 
ture at  which  we  can  make  our  experiments,  there  are, 
in  some  substances,  perceptible  deviations  from  this  uni- 
formity ;  much  more  is  it  probable,  that  in  the  whole  ex- 
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tent  of  the  scale,  such  deviations  will  happen,  and  to  an 
extent  of  which  we  can  know  nothing.  These  variations 
arise  probably  from  the  expansion  produced  by  caloric  it- 
self, by  which  the  volume  of  the  body  is  altered,  and  the 
law  by  which  the  quantity  of  caloric  it  contains  at  a  given 
temperature  modified.  But  we  know  nothing  of  the  to- 
tal amount  of  expansion  in  bodies  from  the  real  zero. 
The  quantity  of  matter  in  a  cubic  inch  of  the  densest  sub- 
stance, of  gold,  for  example,  may,  if  not  acted  on  by  ca- 
loric, occupy  a  space  inconceivably  small ;  and  therefore, 
if  expansion  enlarge  capacity,  as  it  probably  does,  it  must 
be  difficult  or  impossible  to  say  what  the  amount  of  this 
enlargement  is  ;  of  course,  what  may  be  the  difference 
between  the  capacity  of  a  body,  estimated  at  the  temper- 
ature at  which  we  can  subject  it  to  experiment,  and  its 
capacity  at  much  lower  points  in  the  thermometrical  scale. 
If  such  variations  do  happen,  they  will  probably  be  differ- 
ent in  different  bodies,  and  we  have  no  means  of  know- 
ing the  law  of  variation  which  may  be  followed. 

I  may  observe,' that  a  different  view  of  this  subject  has 
been  given  by  Berthollet,  and  a  cause  pointed  out,  from 
which  the  quantity  of  caloric  contained  in  bodies,  in  the 
first  stage  of  temperature,  may  actually  be  greater  than  it 
will  be  higher  in  the  scale.  If  caloric  obey  the  usual  laws 
of  attraction,  when  it  is  in  small  quantity,  relative  to  the 
body  to  which  it  is  united,  it  will  enter  into  more  inti- 
mate, combination,  and  hence  the  elasticity  or  expansive 
energy  of  it,  on  which  temperature  depends,  may  be  over- 
come, and  of  course  a  larger  quantity  be  required  to  pro- 
duce a  given  temperature.  From  the  peculiarity  in  the 
relations  of  caloric,  it  is  not  easy  to  determine  how  far 
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this  view  Is  just ;  and,  at  any  rate,  it  must  be  difficult  or 
impossible  to  assign,  even  theoretically,  how  far  these 
causes  will  operate  in  modifying  the  quantities  of  caloric 
ia  bodies  at  different  stages  of  temperature,  or  how  far 
they  may  counteract  each  other. 

From  the  operation  of  the  general  law  now  illustrated, 
with  regard  to  the  distribution  of  caloric  in  bodies,  may 
be  explained  its  extrication  in  many  cases  of  chemical  ac- 
tion, and  its  absorption  in  others.  Dr  Irvine  first  percei- 
ved its  importance  in  this  point  of  view,  and  that  from  it 
might  be  derived  an  explanation  of  the  production  of  heat 
and  cold  from  chemical  mixtures.  Having  shewn  the  in- 
sufficiency of  the  vague  hypotheses  on  which  these  phe- 
nomena had  been  attempted  to  be  explained,  particularly 
of  the  hypothesis  of  Newton,  that  the  heat  produced  in 
the  mutual  action  of  bodies  is  owing  to  the  violent  mo- 
tions and  collisions  of  their  particles,  in  consequence  of 
the  attraction  by  which  they  are  combined,  he  observes, 
to  use  his  own  language,  "  that  the  reason  why  heat  is 
produced  by  mixing  fluids  seems  to  be,  that  the  ingre- 
dients which  compose  the  mixed  fluid  are  in  a  diff'erent 
state  with  regard  to  heat  from  what  they  were  before ;  it 
would  seem,  that  whatever  is  the  cause  of  heat,  it  has  a 
greater  eff^ect  in  heating  the  bodies  after  the  mixture  than 
it  ought  to  have  had  in  proportion  to  its  power  of  heating 
the  ingredients  before  mixture  *."  In  other  words,  in 
such  mixtures  the  capacity  of  the  compound  for  caloric  is 
inferior  to  the  mean  of  the  capacities  of  the  substances 
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combined,  and  hence  an  augmentation  of  temperature 
must  take  place.    This  luminous  principle  he  illustrated, 
and  likewise  established  by  experiment.    It  was  soon 
successfully  applied  by  Dr  Crawford  to  explain  the  heat 
which  is  produced  in  combustion,  and  other  chemipal 
processes,  as  well  as  the  heat  which  is  generated  in  the 
system  of  animals,  and  which  preserves  them  always  at  a 
temperature  superior  to  that  of  the  surrounding  niedium. 
On  tlie  other  hand,  when  the  capacity  is  enlarged,  or  that 
of  the  compound  is  greater  than  the  mean  capacity  of  its 
constituent  parts,  an  absorption  of  caloric  must  follow,  or 
the  temperature  be  reduced ;  and  on  this  principle  is  e- 
qually  explained  the  cold  attending  some  combinations, 
as  the  solutions  of  salts  in  water,  and  the  intense  colds  ge- 
nerated by  what  are  termed  Freezing  Mixtures.  The 
general  proposition  is  indeed  probably  just,  that  all  varia- 
tions of  temperature,  not  arising  from  the  immediate  com- 
munication of  caloric  from  an  external  source,  originate  in 
changes  of  capacity. 


SECT.  y.—Of  the  Quantities  of  Caloric  -ahich  different  forms 
of  the  same  bodies  contain. 

Having  illustrated  the  law,  that  different  bodies,  at 
the  same  temperature,  contain  different  quantities  of  ca- 
loric, in  proportions  regulated  neither  by  their  weights 
nor  volumes,  I  have  now  to  observe,  that  a  similar  law 
exists  with  regard  to  different  forms  of  the  same  body  ; 
that  a  body  in  the  liquid  form  contains  more  caloric,  or 
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requires  a  larger  quantity  to  produce  a  given  change  of 
temperature  in  it,  blian  it  does  while  solid  j  and  in  the 
state  of  air  or  vapour,  it  contains  still  more  than  it  does 
in  the  liquid  form.  Hence,  when  a  solid  is  melted,  or  a 
liquid  is  converted  into  vapour,-  quantities  of  caloric  are 
absorbed,  which  have  no  effect  in  producing  augmenta- 
tion of  temperature,  giving  rise  to  the  phenomenon  of  La- 
tent Hfeat,  as  it  has  been  named,  or  Latent  Caloric.  Some 
philosophers  have  ascribed  this  to  a  change  of  capacity } 
others  have  referred  it  to  a  different  cause.  It  is  neces- 
sary to  state  first  the  facts  by  which  it  is  established  ; 
the  opinions  with  regard  to  it  may  then  be  considered. 

The  general  fact  of  the  absorption  of  caloric  in  these 
changes  of  form  was  discovered  by  Dr  Black.  Previ- 
ous to  the  year  1762,  he  had  described  in  his  lectures 
some  of  the  experiments  by  which  it  is  demonstrated  ; 
and  some  years  before  that,  the  investigation  appears  to 
have  occupied  his  mind.  Wilcke,  in  1772,  read  to  the 
Academy  of  Sciences  at  Stockholm  a  dissertation,  in 
which  he  states,  as  his  own  discovery,  the  fact,  that  ice  in 
melting  absorbs  a  certain  quantity  of  caloric  ;  and  there 
is  no  evidence  that  he  was  informed  of  the  discoveries  of 
Dr  Black.  The  imperfect  observations  and  vague  con- 
jectures of  De  Luc  on  the  same  subject  can  never  be  re- 
garded as  establishing  any  claim  to  the  discovery  ;  nor 
has  it  with  more  justice  been  assigned  to  Lavoisier,  who, 
however,  can  scaircely  be  acquitted  from  the  charge  of 
having  sought  to  appropriate  it,  by  delivering  many  years 
afterwards  the  doctrine,  with  regard  at  least  to  aeriform 
fluids,  with  slight  modifications,  without  mentioning 
Black's  name. 
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The  truth  of  the  fact  is  sufficiently  evident,  when  the 
henomena  attending  liquefaction  or  vaporisation  are  at- 
tentively examined,  and  it  was  the  observation  of  these 
phenomena  that  led  Dr  Black  to  the  discovery.  To  take 
the  illustration  ffom  the  melting  of  ice,  we  observe,  that 
its  temperature  may  be  considerably  below  32°,  and  that 
if  it  be  exposed  to  a  warmer  atmosphere,  it  will  receive 
caloric,  and  gradually  rise  to  that  point  of  the  thermome- 
trical  scale.  But  the  moment  it  has  reached  it,  the  rise 
ceases  ;  it  begins  to  melt ;  melts  slow^ly  ;  and  during  the 
whole  time  of  melting,  its  temperature,  as  well  as  that 
of  the  water  flowing  from  it,  are  stationary  at  32*.  Yet 
caloric  continues  to  be  communicated  to  it  as  before  ;  and 
that  this  caloric  is  absorbed  by  it,  Dr  Black  remarked,  is 
obvious,  from  the  atmosphere  being  cooled  by  the  melt- 
ing ice,  and  a  current  of  cold  air  descending  from  the 
vessel  the  whole  time.  Here,  therefore,  a  quantity  of 
caloric  is  absorbed,  or  disappears  during  the  fusion. 

The  same  phenomenon  is  observed  when  a  fluid  is  con- 
verted into  vapour.  If  we  take  a  portion  of  water  and 
communicate  caloric  to  it,  its  temperature  is  raised,  and 
this  rise  continues  to  proceed  while  the  caloric  is  added, 
until,  under  the  common  atmospheric  pressure,  it  arrives 
at  212°  of  Fahrenheit.  At  this  point  it  begins  to  boil, 
or  to  be  converted  rapidly  into  vapour  which  escapes. 
But  while  it  is  suff^ering  this  change,  its  temperature  is 
perfectly  stationary,  as  is  that  also  of  the  vapour  arising 
from  it,  a  thermometer  in  either  indicating  212°.  The 
conclusion  is  in  this  case  the  same  as  in  the  other.  The 
vessel  containing  the  water  placed  on  a  fire  must  con- 
nnue  to  receive  caloric  after  it  boils  as  it  did  before ;  but 


380  OF  LATENT  CALORIC. 

the  caloric  thus  added  is  absorbed  without  producing 
augmentation  of  temperature. 

Dr  Black,  not  satisfied  with  the  general  observation  of 
these  phenomena,  endeavoured  to  ascertain  the  fact  with 
more  accuracy,  and  to  discover  even  the  quantity  of  calo- 
ric which  thus  disappears. 

In  two  glass  vessels  of  the  same  size  and  weight,  Dr 
Black  put  portions  of  water, — five  ounces  in  each.  The 
quantity  in  one  of  the  vessels  he  froze  by  a  freezing  mix- 
ture, and  removing  the  vessel  into  an  atmosphere  at  47% 
allowed  the  ice  in  it  to  rise  to  the  temperature  of  32°. 
While  this  was  doing,  he  cooled  the  water  in  the  other 
vessel  as  low  as  possible  without  freezing  any  of  it,  or 
brought  it  to  33°,  and  placed  in  it  a  delicate  thermome- 
ter.   It  was  exposed  to  the  same  atmosphere  at  the  tem- 
perature of  i'T"  as  the  other,  and  the  rise  of  its  temper- 
iiture  observed  by  the  thermometer.    At  the  end  of  half 
an  hour  it  had  risen  7  degrees,  or  to  the  ^Oth  of  Fahren- 
heit's scale.   The  ice  in  the  other  vessel  was  not  melted  ; 
its  temperature  remained  at  32^,  tliough  it  must  have  re- 
ceived caloric  from  the  surrounding  atmosphere  equally 
with  the  other.  It  continued  to  melt  slowly  j  at  the  end  of 
10|  hours  a  very  small  and  spongy  piece  of  it  only  remain- 
ed unmelted  at  the  surface  of  the  water ;  in  a  few  minutes 
more,  this  was  melted  ;  and,  on  introducing  a  thermo- 
meter into  the  water,  near  the  sides  of  the  glass,  its  tem- 
perature was  40"  ;  this  rise,  while  in  contact  with  the 
ice,  being  owing  no  doubt  to  its  imperfect  conducting 
power. 

From  this  experiment,  says  Dr  Black,  it  appears,  that 
exposure  to  an  atmosphere  of  47°  for  21  half  hours  was 
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requisite  to  melt  the  five  ounces  of  ice,  and  raise  the  tem- 
.peratufe  of  the  w^ater  produced  from  it  to  40*^.  Now, 
•the  quantity  of  caloric  which  it  had  received  during 
ithis  time  may  be  estimated  from  the  quantity  communi- 
cated to  the  water  in  the  other  vessel,  and  discovered  in 
•it  by  the  rise  of  temperature  it  produced  ;  for  as  the  two 
vessels  were  exposed  in  situations  perfectly  alike,  the 
same  quantity  of  caloric  must  have  been  communicated 
.to  each.  In  half  an  hour,  as  much  caloric  had  been  com- 
municated to  the  water  as  raised  its  temperature  7  de- 
grees. In  21  half  hours,  therefore,  the  quantity  of  calo- 
ric communicated  to  the  ice,  and  absorbed  by  it,  must 
have  been  7  x  21,  or  such  as  would  have  raised  the  tem- 
perature of  the  same  weight  of  water  147  degrees.  Yet 
no  part  of  this  appeared  in  the  ice-water  except  8  de- 
grees, the  temperature  of  that  water  at  the  end  of  the 
experiment  being  only  40°;  the  remaining  139  or  140 
degrees  must  have  been  absorbed,  therefore,  by  the  ice 
in  melting,  without  occasioning  any  rise  in  its  temper- 
ature. 

A  quantity  of  ice,  weighing  59|  drachms,  at  S2°,  was 
put  into  a  quantity  of  water,  weighing  67^  drachms  at 
the  temperature  of  190  degrees.  In  a  few  seconds  the 
ice  was  melted,  and  the  temperature  of  the  resulting 
fluid  was  53?,  In  this  experiment,  the  temperature  of 
the  water  was  reduced  from  190  to  53^  ;  the  vessel  in 
which  this  warm  water  was  contained,  and  which  must 
have  been  also  at  190°,  was  likewise  reduf:ed  to  53"^  j 
this  vessel  weighed  8  drachms  ;  but  it  bei-ng  ascertained 
by  experimeat  that  its  power  in  heating  bodies  is  not 
more  than  half  that  of  water,  the  8  drachms  mnv  be  re- 
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garded  as  equivalent  to  4  of  water,  and  as  such  may  eiri 
ter  into  t"he^  calculation.  A  quantity  of  water,  therefore, 
weighing  67^  drachms,  and  a  quantity  of  matter  having 
the  same  heating  power,  amounting  to  4-  drachms,  had 
their  temperature  reduced  from  190°  to  SS**,  or  lost  of 
caloric  137  degrees.  These  were  communicated  to  the 
59^  drachms  of  ice  at  32° ;  and  according  to  the  relative 
proportions  of  the  hot  and  cold  matter,  these,  if  there 
had  been  no  loss,  ought  to  have  raised  the  ice  86  degrees, 
but  they  produced  a  rise  of  only  21  degrees.  Here, 
therefore,  65  degrees  disappeared, — a  quantity  which 
would  have  been  sufficient  to  raise  the  temperature  of  a 
quantity  of  water  equal  in  weight  to  the  ice,  143  degrees. 
This  quantity  of  caloric,  however,  had  entirely  disap- 
peared, and  so  far,  therefore,  this  experiment  corresponds 
nearly  with  the  former,  in  which  140  degrees  had  been 
lost.  Dr  Black  confirmed  both  by  a  very  simple  experi- 
ment, adding  a  given  weight  of  ice  at  32"  to  the  same 
weight  of  water  at  176°,  when  the  ice  was  melted,  and 
the  temperature  of  the  whole  fluid  was  still  not  more 
than  32°  *. 

In  the  conversion  of  bodies  from  the  liquid  to  the 
aeriform  state,  a  similar  absorption  of  caloric  takes  place, 
•without  raising  the  temperature  either  of  the  vapour  or 
of  the  body  suffering  the  change.  This  likewise  Dr 
Black  established  by  experiment. 

In  several  cylindrical  tin-plate  vessels,  placed  on  an 
iron-plate,  heated  by  a  fire  beneath,  equal  portions  of 
water  were  put,  at  the  temperature  of  50*^.    After  4  mi- 
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nutes,  the  water  began  to  boil,  and  in  20  minutes  was 
entirely  dissipated.  In  i  minutes,  therefore,  these  por- 
tions of  water  Had  been  raised  from  50°  to  212°,  and  of 
course  had  received  a  quantity  of  caloric  capable  of  rais- 
ing the  temperature  of  that  fluid  162  degrees,  or  at  the 
rate  of  ^O^®  each  minute.  After  the  ebullition  com- 
menced, caloric  must  still  have  been  communicated  from 
the  hot  iron-plate  to  the  liquid  as  before  ;  of  course,  in 
the  20  minutes,  SIO  degrees  of  caloric  must  have  been 
absorbed.  Yet  these  were  riot  discoverable  by  any  aug- 
mentation of  temperature,  the  boiling  fluid  and  the  va- 
pour arising  from  it  being  constantly  at  212°  *. 

This  result  was  confirmed  by  another  experiment  still 
more  striking.  A  quantity  of  water  was  put  into  a  strong 
phial,  so  as  to  fill  .it  about  one-half.  It  was  corked 
strongly,  placed  in  sand,  and  heat  applied.  It  began  to 
boil,  but  in  a  short  time  this  ebullition  ceased  j  the  pres- 
sure on  the  water,  from  the  accumulation  of  the  vapour 
which  had  been  formed  being  sufficient  to  prevent  it  , 
the  fluid,  therefore,  had  its  temperature  soon  raised  a- 
bove212".  It  rose  to  222^.  The  cork  was  then  sud- 
denly withdrawn.  But  instead  of  the  whole  water  rush- 
ing out  in  vapour,  as  might  have  been  perhaps  expected, 
from  its  being  heated  10  degrees  above  the  temperature 
at  which  it  passes  into  that  state,  only  a  small  part  of  it  es- 
caped, and  the  remaining  quantity  fell  to  the  temperature 
of  212°  j  the  quantity  of  vapour  which  was  formed  ab- 
sorbing the  whole  excess  of  caloric  above  that  point. 

The  experiment  was  repeatad  by  Mr  Watt  on  a  large 
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scale.  In  a  small  copper  digester  with  a  valve,  he  heat- 
ed a  quantity  of  water,  and  when  it  began  to  boil,  clos- 
ing the  valve,  he  allowed  it  to  remain  on  the  fire  half  an 
hour.  Removing  it,  and  opening  the  valve,  a  quantity 
of  vapour  rushed  out  with  great  force ;  but  instead  of 
the  whole  of  the  water  having  passed  into  vapour,  at  the 
very  high  temperature  to  which  it  must  have  been  raised, 
he  found,  on  opening  the  vessel,  that  of  three  inches  of 
water,  only  one  inch  had  escaped  under  this  form  *. 

This  experiment  illustrates  exceedingly  well  the  phe- 
nomena attending  the  conversion  of  a  liquid  into  vapour. 
Under  the  ordinary  pressure  of  the  atmosphere,  water 
.cannot  be  heated  beyond  212*^,  since,  as  soon  as  it  arrives 
at  this,  vapour  begins  to  be  formed,  and  this  absorbing 
caloric,  prevents  the  temperature  from  rising,  and  In 
some  measure  conceals  from  us  the  real  quantity  receiv- 
ed. But  by  thus  confining  it  under  a  much  greater  pres- 
sure, we  prevent  the  early  formation  of  vapour,  and 
when  the  pressure  is  removed,  we  see  more  clearly  the 
quantity  of  caloric  which  the  liquid  absorbs,-  when  it 
passes  into  the  aeriform  state,  and  which  does  not  pro- 
duce any  augmentation  of  temperature. 

Dr  Black  remarked,  that  the  same  fact  is  established 
by  the  reduction  of  temperature  which  attends  the  tran- 
sition of  a  body  into  vapour  in  vacua.  The  temperature 
of  hot  water,  for  example,  in  the  vacuum  of  the  air-pump, 
will  fall  rapidly  to  the  90th,  or  even  to  the  70th  degre© 
of  Fahrenheit.  This  is  shewn  still  more  remarkably  in  the 
evaporation  of  certain  volatile  fluids,  as  alkohol  or  ether, 
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l^afc  firfct  accurately  obtftrvcA  by  J)r  CuJiw.  On  wetting 
tbe  buJb  of  a  tJiermornHtifr  v/ith  eitW  of  tii«t<:  Jii|U(4«> 
aDd  tu&pendirjg  it  in  the  ^ir,  }i«  oU/rrr«d,  tJat  tft*:  rmt' 
fUry  tunk  rapidly.  'Jli*  rn>or<;  rolatii«  tlwr  li/joid 
t}iat  wai  timfloycd  in  tJic  i-xf^altMntf  tit*:  ^xt^iiMX  wa» 
the  itductMjn  of  temperature,  and  wit^Urfer  ha»tened  tlie 
e^aporat'u^n,  at  dir';cting  a  current  of  air  on  t^ie  wet  bulb, 
increa(>ed  thie  cold,  Jiy  causing  a  rapid  evaporation  of 
die  etlwrr  in  t}*e  air-pump,  <»uch  a  degree  r/f  coU  was 
even  produced,  ae  to  freeze  a  portion  of  water  in  a  re**el 
in  wl;ich  tl^e  phiaJ  c/ntaining  the  etlier  »tood  *.  UTm; 
explanation  of  t}i<fj)e  experiment*  obrioufc,  'ITietc 
fluids  ar<;  60  volatiie  a»  to  evap<^ate  at  tfie  txfmmon  tem- 
perature of  the  atmo»pIiere ;  and  in  pa^fting  from  tlie  it- 
<juid  tfj  t^ie  iiitui(Afn  «tate,  tl*ey  follow  tlie  general  Jaw, 
arid  abtorb  ciknic  from  t)t*:  m^ttter  witli  wliich  t}*ey  are 
imniediateJy  in  contact. 

Xya^tly,  if  a  fcubfctance  be  disetjgaged  from  a  comluna^ 
tion,  and  when  it  beconw^  free,  pa*be*  into  the  aerifr/rm 
ftate,  the  chemical  action  by  w^uch  it  19  ditengaged^  i«  at- 
tended with  a  iew  production  of  heat  tiian  when  a  similar 
action  is  excited,  but  witlwut  th*;  difc^rjgagement  of  an 
aeriform  fluid,  as  wa»  well  frhewn  by  i^avoi^ier,  by  tere- 
ral  experimentfc  j . 

All  tiiete  fact*  fully  prove  tlie  truth  of  the  general  pro- 
po5.jtlon,  'Hut  when  bodiet  pa**  from  tlie  bolid  to  the 
li<juid,  or  from  the  li<jaid  to  the  aerial  form,  a  fjuantity 

•  Jila^  k't  Lecture*,  voL  L  p.  102. 
+  M/tawre*  de  I'Acad.  d««  Scieoctf,  1777,  p.  4^30. 
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of  caloric  i8  absorbed,  U'hlch  hih  Ho  effect  \h  raising  the- 
tfempeiraturfe'  of  the  llquitl,  or  of  thfc  Vdpotif  bt-  air  whicft 
is  t"orrh^d. 

It  rriajr  be  eSpeeted,  that  the  same  quantity  of  caldric 
which  is  thus  absorbfed,  i^ill  be  again  dleeiigaged  ah* 
rendered  sensible,  when  thfe  body  retUrns  to  its  fofmet 
state.  This  accordingly  happfehs.  When  a  Hqllld,  a  quah'- 
tUy  of  water  foir  exahlplfe,  i's  exposed  tb  in  atmdspher* 
colder  than  whit  would  b^  feufficieiu  to  freeze  it,  its  teih^ 
peratufe  is  gradually  redu'ced,  lintil  it  arrives  at  the  point 
at  which  it  congeals.  But  wBehever  it  attains  this,  it^ 
teiriperature  becomes  Stationary,  ahd  continues  so  until  it 
has  become  entirely  solid,  although  the  cblder  atmospherg 
miist  be  ab'st'r'actirig  calbric  frohi  it  as  before. 

To  render  tlil's  mbf'e  evident,  Dr  Black  exposed  a  quan-t 
{'iiy  of  purfe  water,,  iand  ^hoth'er 'equal  quantity  of  water 
to  which  a  little  sal't  had  been  added  to  prevent  it  frorft 
freezing,  in  similar  vessels,  to  an  atmosphere  below  32**; 
Both  were  soon  coo\'e^  down  Vo  th'e  freezing  point.  The 
wateir  iii  whic^  the  s'Mt  \fr^'S  dissolved  cbhtinuted  to  de-^ 
sceii'd  still  lower  in  its  t^iiipeV'AtUVe  :  bUt  the  pbre  waterj 
beginning  'to  freeze,  remaiVi'ed  stationary  ;  the  caloric 
which  it  had  absorbed,  ivh'eh  it  ]passed  from  the  state  of 
ice  to  that  of  water,  being  liow  giVen  oUt  as  it  returned 
to  the  state  of  ice  ;  and  this  caloric  keeping  its  temper^ 
ature  statiohary  at  32°,  though  the  cold  atmfosphere  must 
liave  been  acting  on  it  equally  as  on  the  other. 

Theire  is  another  experiment  in  which  this  evolntiort 
of  caloric  is  rendered  very  apparent.  Fahrenheit  had  ob- 
served, that  if  agitation  be  avoided,  water  can  be  re- 
duced in  tempeiratUre  a  number  of  degrees  below  its  com- 
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mon  freezing  point,  or  32°,  without  freezing.  But  if 
when  cooled  thus  far,  it  be  agitated,  ice  is  instantly  form- 
ed, and  the  temperature  rises  to  32".  This  arises  from 
the  evolution  of  the  portion  of  latent  caloric  contained  in 
the  quantity  of  water  that  is  frozen  * ;  the  quantity 
evolved  being  of  course  greater,  as,  from  the  previous 
greater  cooling,  more  of  the  water  is  converted  into  ice. 

A  similar  extrication  of  caloric  attends  the  reduction 
of  a  vapour  or  a  gas  to  the  liquid  form.  If,  for  ejtampley 
a  certain  weight  of  aqueous  vapour  be  condensed,  by  re- 
ceiving it  in  water,  the  water  will  have  its  temperature 
raised  much  higher,  than  by  the  addition  of  the  same 
weight  of  water  at  the  same  temperature  as  that  of  the 
vapour.  This  was  observed  by  Dr  Black,  and,  with  the 
assistance  of  Dr  Irvine,  he  made  several  experiments  to 
discover  the  quantity  of  caloric  thus  evolved.  It  was 
difficult  to  guard  against  the  abstraction  of  caloric,  by  the 
vessels  and  the  surrounding  air  ;  but  in  general  it  was 
concluded,  that  the  quantity  evolved  was  not  less  than 
774-  degrees  f .  Mr  Watt,  in  repeating  the  experiments, 
supposed  it  to  be  825°,  and  from  others  he  has  fixed  it 
at  not  less  than  900*^,  and  not  more  than  950  degrees  of 
Fahrenheit's  scale. 

Mr  Watt  ascertained  this  too  in  another  mode,  con- 
densing the  steam  by  strong  mechanical  pressure.  He 
fitted  a  piston  accurately  to  a  metallic  cylinder,  and  trans- 
mitting watery  vapour  through  it,  to  expel  the  atmosphe- 
ric air,  when  the  cavity  of  the  cyHnder  was  filled  with 
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vapour,  he  pushed  down  the  piston,  so  as  suddenly  to  ■ 
condense  it,  the  caloric  evolved  being  communicated  to 
water  in  which  the  extremity  of  the  cylinder  had  been 
put.    The  quantity  of  caloric  thus  extricated,  according 
to  Dr  Crawford's  statement,  was  such  as  would  be  suffi- 
cient to  raise  the  temperature  of  an  equal  weight  of  a  i 
body  having  the  same  capacity  as  water,  and  which  would 
not  evaporate,  94-3  degrees  of  Fahrenheit's  scale.    Yet, , 
previous  to  the  condensation,  the  cylinder' with  the  con- 
tained vapour  were  only  at  the  temperature  of  212*. 

Such  are  the  facts  and  experiments  by  which  Dr  Black  . 
established  the  general  truth,  That  when  bodies  pass  ; 
from  the  solid  to  the  fluid,  or  from  the  fluid  to  the  aeri-  • 
form  state,  they  absorb  a  quantity  of  caloric  which  does  ; 
not  raise  their  temperature,  and  which  is  again  evolved  i 
by  them,  when  they  return  to  their  former  state.  The 
whole  investigation  is  a  model  of  physical  research  ;  the 
discovery,  unlike  so  many  others,  was  suggested  by  no  > 
prior  train  of  speculation,  but  was  separated,  as  has  just- 
ly been  observed,  by  a  vast  interval  from  the  previous 
steps  of  our  knowledge  ;  and  it  was  left  in  no  respect  im- 
perfect, but  was  established  by  its  author,  on  evidence 
which  it  is  impossible  to  controvert,  and  to  which  the 
progress  of  the  science  has  made  no  addition.    To  Dr 
Black  is  due  the  honour  of  having  established  the  two 
principal  laws  yet  known  with  regard  to  caloric, — that  it 
is  contained  in  bodies  at  the  same  temperature  in  specific 
quantities,  and  that  it  is  absorbed,  without  producing 
augmentation  of  temperature,  when  bodies  pass  to  the 
liquid  or  aeriform  ;states, — laws  which  form  the  basis  ci 
much  of  the  modern  system  of  chemistry,  . 
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The  portion  of  caloric,  or  according  to  the  term  then 
I  employed,  of  Heat,  which  is  thus  absorbed  in  fluidity  or 
I  vaporisation,  Dr  Black  named  Latent,  to.  distinguish  it 
from  that  which  is  discovered  by  the  thermometer,  and 
which,  in  opposition  to  the  other,  he  termed  Sensible. 
The  term  Latent,  is  convenient,  as  expressing  briefly  the 
portion  of  caloric  absorbed  or  evolved  in  these  changes  of 
form,  though  tliere  is  probably  no  just  foundation  for 
distinguishing  it  as  it  exists  in  bodies,  from  the  rest  of 
the  caloric  which  they  contain.- 

In  establishing  the  doctrine  of  latent  heat,  Dr  Black's 
experiments  were,  in  a  great  measure,  cenfined  to  water 
in  its  different  states.  There  could  be  no  doubt,  how- 
ever, but  that  the  same  law  is  observed  by  other  bodies 
in  their  changes  of  form.  This  has  been  sufficiently  as- 
certained by  other  chemists,  and  the  quantities  of  caloric 
absorbed  during  these  changes  determined.  Dr  Irvine, 
who  entered  on  this  investigation  at  an  early  period, 
found,  that  spermaceti  in  melting,  absorbed  a  quantity 
of  caloric,  which  would  be  sufficient  to  raise  the  temper- 
ature of  fluid  spermaceti  145  degrees  ;  wax,  a  quantity 
which  would  have  raised  its  temperature  when  in  the 
fluid  state  175.,degrees  ;  and  tin,  a  quantity  equal  to  what 
would  elevate  its  temperature  when  in  the  solid  state  500 
degrees.  Wilcke  states  the  quantity  of  caloric  absorbed  by- 
ice  in  melting,  as  less  than  that  Dr  Black  gives.  Accord- 
ing to  the  average  result  of  Dr  Black's  experiments,  the 
quantity  is  equal  to  what  would  raise  the  temperature  of 
water  HO  degrees.  Wilcke  makes  it  equal  only  to  129^. 
Lavoisier  and  La  Place  fix  it  at  the  medium  nearly,  or 

135'='  of  Fahrenheit ;  while  Gadolin  makes  it  US**  5  dif- 
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ferencc's  which,  as  Mr  Dalton  has  suggested,  may  per* 
haps  arise  from  the  capacity  of  water  being  somewhat 
different  at  diiVerent  temperatures,  so  that  in  melting  ice 
by  water  at  different  temperatures,  unequal  quantities  of 
caloric  will  appear  to  have  been  taken  from  ^t.  Landriani 
found  by  experiment,  that  sulphur,  alum,  borax,  and 
some  other  salts,  as  well  as  some  metallic  compositions, 
when  they  pass  into  a  solid  state,  from  a'  state  of  fusion, 
obey  the  general  law,  and  evolve  a  quantity  of  caloric  *. 
Hassenfratz,  in  freezing  quicksilver  ascertained,  tliat  in 
melting,  it  absorbs  as  much  caloric  as  would  raise  the 
temperature  of  liquid  mercury  152  degrees  of  Fahren- 
heit's scale  f .    Lastly,  Mr  Irvine  has  prosecuted  his  fa- 
ther's experiments,  and  determined  the  quantities  of  calo- 
ric absorbed  in  the  liquefaction  of  the  following  bodies. 
In  the  liquefaction  of  bismuth,  as  much  was  absorbed  as 
would  have  raised  the  temperature  of  the  bismuth  in  its 
solid  state  4'75'^  of  Fahrenheit's  scale  j  in  that  of  tin 
507°-,  of  zinc  4'93°  ;  of  kad  150*';  and  of  sulphur 
From  these  experiments  we  do  not  discover,  aa 
.Mr  Irvine  has  justly  observed,     any  ratio  by  which  the 
fjuantity  of  caloric,  absorbed  in  liquefaction,  seems  to  be 
jTuided  ;  it  obviously  does  not  increase  with  the  difficulty 
of  fusion,  but  most  probably  has  some  connection  with 
the  relative  capacity  of  each  body  in  its  solid  and  fluid 
state  X" 

The  following  table  exhibits  the  results  of  the  experl- 


*  Journal  de  Physique,  t.  xxvi.  p.  88. 
f  Journal  Polytechnique,  t.  i.  p.  128. 
X  Nicholson's  Journal,  vol.  ix.  p.  53. 
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.pjeiits  >yhicb  haye  been  ji^fide  op  ,th}s  subje.Gf,  the  ]a|tenr. 
.  hfi^t  of  eacl}  substance  being  meagurej(|?  by  thp  capacity  of 
th^  sojid,  instead  of  by  that  ,of  the  liqtf^,  lyhjcj^  in  thp 
greater  number  of  cases  if  is  mojre  di^poflt  tp  detefminje  ; 
with  t^e  exceptioo  spermaceti  and  yf^>c,  ^pd  also  of  the 
,Jast  article  of  the  table,  ^n.  ^hic^,  /fom  the  di^cu^ty  of 
^6|Certaining  t|ie  cap^cijy  pf  the  sol^d,  -the  latent  heat  is 
necessarily  referred  to  that  ,o^  the  fluid.  Tlje  basis  of  th,e 
table  is  taken  frjwn  the  JSssay  on  l^e-nt  JJeat,  by  Dr  fryipp 
ji/n.  already  referred  ;feo. 


Melting 
point- 


Latent 
heat. 


Authority. 


Ice, 


Spermaceti, 
Bees  wax, 
Tin, 

Bismuth, 

Lead, 

Zincj 

Sulphur, 

Quicksilver, 


32 


113 
142 

44-2 
476 
594 
700 
226 
-  40 


'  155.5 
150 
143.3 
145 
175 
500 
550 
162 
493 
143.6 
152 


Black. 
L-ovoisier. 
Wilcke., 
Irvine  sen. 


Hasaenfratz. 


FrpijQ  tilis  abs.orpt^pn  of  xialQri,c,  w^iph  t^es  place  w]ien 
)3pdies  change  thdf  foTi?i§,  9?.^Py  chemical  and  ^ijitM^til 
phenomena  are  explained. 

The  absorptioo  .of .  calorjicj  accompany ifig  the  change 
&0Q1  the  SiO,li4  tp  tjie  Uqujd  Jfprfn,  ef plaii?s  the  fixity  of 
the  ppint  ia  the  thermpmetric?!  scale  at  whicjb  bodies 
i^ek.    Ice  ^nelts.at  32''  o^  Fahrei?J\git,  and  whenever  any 
■  Sfta^S  of  ice  i?  heated  tp  that  tempe^ati^re,  .tJh,e  farther 
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dition  of  caloric,  however  rapid,  has  no  effect  in  raising 
its  temperature,  till  the  whole  mass  is  converted  into  wa- 
ter i  since,  as  quickly  as  the  ice  is  melted  by  the  caloric, 
as  quickly  is  a  large  portion  of  it  absorbed  by  the  fluid 
formed.  This  is  exemplified  in  the  long  time  before  large 
masses  of  ice,  or  collections  of  snow,  are  melted  by  a 
thaw.  Were  it  not  for  this  absorption  of  caloric,  the 
thawing  of  immense  masses  of  ice  and  snow,  in  the  cold- 
er climates,  at  the  approach  of  spring,  would  take  place 
almost  instantaneously,  whenever  the  atmosphere  arrived 
at  the  temperature  of  33°;  whereas,  from  this  circum- 
stance, the  melting  is  gradual  and  progressive,  by  which 
the  water  that  is  formed  is  distributed  more  slowly,  and, 
at  the  same  time,  the  too  sudden  rise  of  temperature, 
which  in  such  climates  would  prove  fatal  to  vegetables,  is 
prevented. 

The  reverse  of  this,  or  the  extrication  of  caloric,  which 
takes  place  when  water  is  converted  into  ice,  is  equally 
beneficial  j  since,  were  it  otherwise,  the  freezing  of  large 
collections  of  water  would  be  extremely  rapid,  whenever 
the  temperature  of  the  atmosphere  was  at  or  below  32". 
But  from  this  extrication,  the  freezing  is  very  gradual, 
and  farther,  a  large  quantity  of  caloric  is  given  out  by  the 
water  in  passing  to  the  solid  state,  by  which  the  approach- 
ing cold  is  moderated,  and  the  congelation  rendered  more 
slow. 

The  same  observations  may  be  made  with  regard  to  va- 
porisation. When  the  earth  is  much  heated  by  the  sun's 
rays,  a  very  large  quantity  of  water  is  evaporated  from  its 
surface,  and  from  rivers  and  the  ocean,  and  the  conversion 
of  this  quantity  of  water  into  vapour  is  necessarily  ae- 
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companied  with  the  absorption  of  a  large  quantity  of  ca- 
loric. Hence  evaporation  is  the  most  powerful  agent  em- 
ployed by  nature  to  moderate  excessive  heat.  On  the 
contrary,  when  the  vapour  of  the  atmosphere  is  conden- 
sed by  cold,  and  descends  in  the  form  of  rain  or  snow,  it 
gives  out  the  caloric  it  had  received,  which  is  then  bene- 
ficial rather  than  hurtful. 

The  process  of  artificial  refrigeration  is  explained  on 
%he  same  principle.    By  allowing  water  to  filtrate  slowly 
.through  porous  earthen  vessels,  so  as  to  present  an  exten- 
'sive  humid  surface  to  the  atmosphere,  it  passes  rapidly  in- 
to vapour,  and  in  this  vaporisation  absorbs  so  much  ca- 
loric as  to  produce  a  considerable  degree  of  cold.  Li- 
quors are  cooled,  and  in  warm  climates  ice  formed,  by 
arrangements  of  this  kind,  and  this  even  when  the  tem- 
perature of  the  atmosphere  is  above  32°  *. 

The  theory  of  freezing  mixtures,  is  likewise  deduced 
from  the  doctrine  of  latent  caloric.  These  are  mixtures  of 
Valine  substances,  which,  at  the  common  temperature,  by 
their  mutual  chemical  action,  pass  rapidly  into  the  fluid 
form,  or  are  capable  of  being  rapidly  dissolved  in  water, 
and  by  this  quick  transition  to  fluidity,  absorb  caloric 
from  the  surrounding  matter,  and  produce  degrees  of 
cold,  more  or  less  intense. 

In  other  cases  of  chemical  action,  substances  pass  from 
the  gaseous  to  the  fluid,  or  from  the  fluid  to  the  solid  form, 
and  the  rise  of  temperature  which  attends  these  transi- 
tions may  be  referred  to  the  evolution  of  latent  caloric, 
which  must  be  their  result. 


*  Philosophical  Transactions,  179S,  p.  56. 
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The  V5?  of  ste^rPj  which  has  baen  i^JrotJuced  as  a 
vehicle  an4  SQurce  of  heaf,  ^fford^  pjcampje  of  the 
scientific  application  of  these  principles.  I5y  ccqveying 
steam  into  wat^r,  it  is  eondensed>  and  by  the  evoli^fii^n  p/ 
the  latent  caloric  by  the  condensation,  the  tpmperatureqf 
ih?  vi^at^f  is  raised,  §o  as  60»n  to  arrive  at  21?'=.  Ji>  cer- 
tain arts,  as  in  that  of  dyeing,  where  large  qy^ntities  of 
wat^r  are  to  be  heated  in  separate  vessels,  tliis  method  has 
■superior  advantage^.  By  having  a  cofiimon  boilijr,  from 
which  the  vapour  is  conveyed  by  tube§,  the  Jpss  of  heat 
is  much  ICiSS  than  if  fire  was  applied  to  each  vessel,  and 

the  game  tim^  the  yes§el§  are  subject  to  Ies§  w?ar>  and 
»iay  be  con5tri|<;te4  at  Je§§  lexpence.  This  method  has 
accordingly  beei?  einplpyed  with  sijqegss,  Another  appli- 
jj^tipn  of  thp  game  principles  is  th;at  of  heading  rooms  by 
conveying  steam  through  tubes,  proposed  in  an  e^rly  vo- 
lume p;f  the  Philosophical  Transactions,  3n4  sjflce  reviv- 
pd..  The  ste^m  m  its  progress  h  condensed  gradually,  and 
gives  oiiit  its  latent  caloric,  so  t^s  to  prp4uce  an  equable 
w*rmth^  A  well-constructed  apparatus  for  this  purpose 
j»a§  begn  described  by  Mr  Snodgrass,  by  whom  it  was 
^ontfked,  ^d  applied  with  success  to  the  heating  of  cot- 
ipn  twills  *.  For  this  and  similar  purposes  it  is  w.ell 
adapted,  as  it  has  the  advantage  of  being  free  from  any 
danger  of  fee,  the  boiler  whence  the  steam  is  brought, 
being  erected  without  the  building  ;  and  there  is  farther 
9  saving  of  fuel.  There  is  a  considerable  expence,  how- 
ever, in  erecting  the  apparatus^  arwi  heiice  the  mode  of 
heating  apartments  by  the  introduction  of  warm  air  will 


*  Philosophieal  Magazine,  vol.  xxvii.  p.  172. 
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probably  be  found  more  economical,  while  it  has  the  far- 
ther advantage  of  combining  ventilation  with  warmth. 
The  mathod  of  applying  heat  from  the  condensation  of 
steam,  has  been  proposed  by  Count  Rumford  to  be  ap- 
plied to  the  drying  of  gunpowder,  as  attended  with  less 
risk  than  the  common  method. 

The  modern  improvements  in  the  Steam-engine,  as 
they  originated  from  Dr  Black's  discovery,  so  they  afford 
a  very  striking  exemplification  of  the  doctrine  of  latent 
caloric.  In  the  engine  wrought  previous  to  the  improve- 
ments of  Mr  Watt,  the  steam  was  received  into  a  cylin- 
der, to  which  a  piston  was  adapted ;  the  piston  by  the 
weight  attached  to  its  arm  being  elevated  to  the  top  of  the 
cylinder,  and  the  cavity  beneath  filled  with  steam.  This 
was  condensed  by  a  jet  of  cold  water,  when  the  pistoa 
was  of  course  forced  down  by  the  pressure  of  the  atmo- 
sphere. To  counterbalance  this,  steam  was  again  intro- 
duced from  beneatli,  and  thus  the  alternate  elevation  and 
depression  of  the  piston  were  effected.  But  in  this  way, 
it  is  obvious,  that  there  was  an  immense  waste  of  heat, 
and  this  altogether  concealed,  while  the  facts  relating  to 
latent  caloric  were  unknown.  By  the  jet  of  cold  water 
not  only  is  the  steam  condensed,  but  the  cylinder  is  like- 
wise cooled,  as  it  is  also  by  the  entrance  of  the  atmos- 
pheric air.  When,  therefore,  the  steam  from  beneath  is 
again  introduced,  a  great  part  of  it  must  be  condensed 
and  lost,  by  its  caloric  being  abstracted  by  the  cold  cylin- 
der and  piston,  and  its  elasticity  cannot  operate  ^ith  ef- 
fect until  the  whole  is  again  elevated  to  212*.  At  each 
stroke  of  the  engine  this  waste  is  repeated,  and  thus,  ac- 
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cording  to  Mr  Watt's  calculation,  at  least  half  of  the 
steam  produced  in  the  boiler  is  lost. 

Mr  Watt's  principal  improvements  consisted,  1st,  in 
condensing  the  steam,  not  in  the  cylinder,  but  in  another 
vessel  communicating  with  it  by  a  pipe  with  a  valve  or 
stop-cock,  which  being  exhausted  of  air,  the  steam  rushed 
into  it  whenever  the  communication  was  opened,  and  was 
condensed  by  the  vessel  being  kept  always  cold  by  im- 
mersion in  water  j  and,  2dly,  by  excluding  from  the  cy- 
linder the  atmospheric  air,  and  depressing  the  piston  by 
Steam  introduced  above  it,  and  condensed  in  the  conden- 
sing vessel  alternately  with  the  steam  beneath.  Thus, 
the  whole  may  be  kept  at  the  temperature  ot  212**,  and 
the  immense  waste  of  heat  in  the  old  method  entirely  ob- 
viated. Dr  Black  justly  characterises  the  engine  in  this 
state  as  the  master-piece  of  human  skill,  and  no  less  just- 
ly observes,  that  it  has  not  been  "  the  production  of  a 
"  chance  observation,  but  the  result  of  deep  thought  and 

reflection,  and  really  a  present  by  philosophy  to  the 
«  arts." 

HAViNGstated  the  phenomena  and  appHcations  of  latent 
caloric,  it  remains  only  to  consider  the  opinions  that  have 
been  advanced  with  regard  to  its  cause.  It  has  been  con- 
sidered under  very  different  points  of  view ;  some  philo- 
sophers having  supposed  the  absorption  of  caloric  that  at- 
tends liquefaction  and  vaporisation  to  be  the  cause  of 
these  changes,  others  regarding  it  as  the  effect. 

By  Dr  Black  the  first  of  these  opinions  was  maintain- 
ed. The  immediate  cause  of  fluidity  he  supposed  to  be 
a  certain  quantity  of  heat  or  caloric,  which  is  absorbed  by 
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the  body  when  its  temperature  is  raised  to  a  certain  point, 
which  remains  concealed  in  it,  and  which  continues  in 
this  state  without  suffering  any  increase  or  diminution, 
while  the  body  continues  fluid,  but  which,  when  it  passes 
to  the  solid  state,  is  again  disengaged,  and  rendered  sen- 
sible. *'  I  consider,"  says  he,  "  fluidity,  as  depending 
"  immediately  and  inseparably  on  a  certain  quantity  of 
*'  the  matter  of  heat  which  is  combined  with  the  fluid 
"  body  in  a  particular  manner,  so  as  not  to  be  communi- 
"  cable  to  a  thermometer  or  to  other  bodies,  but  capable 
*'  of  being  extricated  again  by  other  methods,  and  of  re- 
**  assuming  the  form  of  moveable  or  communicable 
*•  heat  *."  He  applied  the  same  theory  to  vaporisation. 
"  When  a  fluid  body  is  raised  to  its  boiling  temperature 
**  by  the  continual  and  copious  application  of  heat,  its  par- 
"  tides  suddenly  attract  to  themselves  a  great  quantity  of 
"  heat,  and  by  this  combination  their  mutual  relation  is 
**  so  changed  that  they  no  longer  attract  each  other,  but 
«  avoid  each  other,  separating  to  at  least  ten  times  their 
former  distance,  and  would  separate  much  farther  were 
"  they  not  compressed  by  the  weight  of  the  atmosphere  ; 
«  and  in  short,  they  now  compose  a  fluid,  elastic  and  ex- 
«  pansive  like  air.  This  new  form  of  aggregation  is  the 
«  effect  of  a  new  combination  of  heat  with  the  primary 
«  particles  of  water,  and  is  a  sufficient  indication  of  this 
**  union,  in  the  same  manner  as  fluidity  was  a  sufficient 
<«  mark  of  a  sudden  and  copious  combination  of  heat  with 
"  the  particles  of  ice  f 


*  Black's  Lectures,  vol.'  i.  p.  144. 
t  Ibid.  p.  175, 
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■  In  this  theory,  then,  the  absorption  of  Galoric  in  lique- 
faction and  vaporisation  k  considered  as  the  cause  of 
these  changes  of  form.  Dr  BIvkIc,  though  he  did  not 
state  the  opinion  fully,  appears  to  have  been  inclined  to 
suppose  these  changes  analogous  to  chemical  combina- 
tion, to  regard  the  Caloric  which  disappears  as  entering 
into  union  with  the  body  fused  or  evaporated,  and  owing 
to  this  combination  its  lass  of  properties.  He  consider- 
ed, says  Professor  Robison,  latent  heat  "  aS  united  with 
*'  the  substance  of  the  body  in  a  way  very  much  resem- 
**  bling  many  chemical  combinations*"  And,  again, 
"  he  considered  heat  as  the  active  cause  both  of  fluidity 
•*  and  of  vapour,  producing  those  new  modes  of  aggre- 

gation  by  a  true  chemical  combination  with  the  par- 
«  tides  of  the  body  *."  This  opinion  has  been  more 
fully  developed,  and  expressed  with  less  hesitation  by 
other  chemists,  as  by  De  Luc  f  and  Seguin  1. 

£)f  Irvine  viewed  these  phenomena  under  a  very  dif- 
feffettt  light.  He  perceived,  that  if  the  body  in  its  liquid 
state  had  a  greater  capacity  for  caloric  than  while  solid, 
a  cfuartfiiy  of  caloric  must  be  absorbed  during  its  lique<- 
faction,  which  will  have  no  effect  in  raising  its  tempera- 
ture :  and  to  this  principle  he  was  disposed  to  refer  the 
phenomena  of  latent  heat.  The  changes  of  form  from 
the  solid  to  the  liquid,  and  from  the  liquid  to  the  aeri- 
form state,  in  any  body,  he  supposed  to  be  accompanied 
with  augmentation  of  capacity  ;  probably  from  a  change 

*  Black's  Lectures,  vol.  i.  p.  51  "t. 

■j-  I  di  es  sur  la  Muteorologie. 

1^  Annalee  de  Chimie,  t.  iii.  p.  193. 
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;:i  the  positions  of  the  particles :  from  this  a  quantity  of 
aloric  must  be  absorbed,  proportioned  to  this  augmenta- 
tion, which  fcati  bctasitjn  no  augmentation  of  tempera- 
ture j  and  when  the  body  is  reduced  to  its  former  state, 
ks  capacity  fot  caloric  being  diminished,  it  must  give 
out  that  portion  which  it  had  absorbed.  In  either  case, 
therefore,  the  temperature  must  contintie  stationary  \vhi\e 
thv  change  is  going  on ;  or  while  the  body  is  melting,  a 
[uantity  of  caloric  mUst  be  absorbed  equal  to  the  increase 
ing  capat:ity ;  and  while  it  is  becoming  solid  this  caloirid 
must  be  giveh  out.  Nor  does  the  caloric  thus  absorbed, 
by  the  liquid  Dt  vdpour  exist  in  it  in  any  other  mode 
than  the  test  of  the  caloric  it  contains  ;  but  the  body  in 
tlvesie  states  merely  requires  more  catorrd  to  produce  a 
certain  temperature  than  it  does  while  solid  ;  and  th6 
roluti'on  or  absorption  of  caloric  is  only  the  consequence, 
lot  the  cause  of  the  change  of  form.  This  view  of  the 
subject  is  thus  stated  by  Dr  Irvine.  '«  The  reason  whf 
a  body  cannot  be  h'eated  while  it  is  melting  is,  that  it  ie 
then  cha'ttgi'iTg  its  capacity.  From  a  substance  that  Was 
easily  heated,  it  changes  to  one  that  is  heated  with  diffir- 
culfy.  All  bodies  in  a  fluid  state  seem  to  be  heated  with 
more  difficulty  than  wheh  in  a  strlid  s't^te.  Not  that  a 
body  in  a  fluid  sta're  transmits  heat  tnoYe  slowly  than 
when  the  same  body  is  in  a  solid  state.  On  the  con- 
tnry,  it  transWits  he^t  better  in  a  fluid  thati  in  a  solid 
itate.  But  the  satwe  qaa-ntity  of  iheat  applied  to  the  same  . 
liody  in  a  solid  form,  and  in  a  fl-uid  state,  will  heat  the 
solid  a  greatet  nirmlser  of  degrees  than  it  will  the  fluid 


*  Irvine's  Essays,  p,  52. 
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Reserving  the  more  full  consideration  of  this  interest- 
ing, but  rather  abstrdse  and  complicated  subject  to  a 
note,  it  is  sufficient  for  me  to  remark  in  this  place,  that 
the  theory  of  Irvine  affords  an  adequate  explanation  of 
the  phenomena,  and  that  its  first  principle  is  established 
by  experiment.  The  latter  subject  engaged  much  the 
attention  of  Dr  Irvine,  and  he  made  a  number  of  experi- 
ments, for  many  succeeding  years,  to  ascertain  the  fact. 
To  do  so  with  accuracy  was  extremely  difficult  j  as,  in 
comparing  the  capacity  of  a  body  in  the  solid  and  in  the 
fluid  state,  it  was  necessary  that  in  the  progress  of  the 
experiment  it  should  not  change  its  form  j  that  in  deter- 
mining its  capacity  in  the  solid  state  it  should  remain 
solid ;  and  in  determining  it  in  the  fluid  form  it  should 
continue  fluid.  By  employing  the  medium  of  a  third 
substance,  quicksilver,  iron- filings,  river-sand,  or  pound- 
ed glass,  he  endeavoured  to  discover  the  relative  capaci- 
ties of  ice  and  water,  operating  on  the  ice  when  the  tem- 
perature of  the  atmosphere  was  considerably  below  32^, 
and  on  water  at  temperatures  of  the  air  above  32°  of 
Fahrenheit.  The  result  always  was,  that  the  capacity  of 
water  is  greater  than  that  of  ice ;  and  in  a  ratio,  as  he 
found  reason  to  believe,  not  greater  than  10  to  8.  "  He 
"  extended  his  theory  to  all  other  bodies,  and  in  some 

cases  determined,  and  in  all  inferred,  that  it  is  a  gen- 
"  eral  law  of  nature  that  the  capacity  of  all  solids  for 
"  heat  is  increased  by  fusion,  and  that  of  all  fluids  by 
"  vaporisation  Magellan  states  the  respective  capaci- 
ties of  water  and  ice  to  be  as  10  to  9;  and  Dr  Craw- 


*  Essays,  p.  56. 
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ford  found  that  the  capacity  of  watery  vapour  is  greater 
than  that  of  water,  in  the  proportion  of  115  to  100. 
The  principle  of  the  theory  is  therefore  proved  ;  and  the 
important  fact  established,  that  the  change  in  the  relation 
of  the  body  to  caloric  is  not  confined,  as  Dr  Black  ima- 
gined, to  the  moment  of  the  change  of  form  ;  but  that 
in  every  subsequent  elevation  of  temperature,  the  liquid 
requires  more  caloric  than  the  solid  would  have  done,  and 
the  vapour  more  than  the  liquid.  ' 

That  the  change  of  capacity  affords  a  satisfactory  ex- 
planation of  the  phenomena,  may  easily  be  shewn.  No 
proposition  can  be  more  undeniable,  than  that  if  the  ca- 
pacity of  a  body  be  enlarged,  there  must  either  be  a  fall 
of  temperature,  if  caloric  be  not  communicated  from  an 
external  source,  to  keep  it  up  ;  or  if  such  a  communica- 
ion  be  made,  a  quantity  of  caloric  must  be  absorbed  by 
he  body,  without  having  any  effect  in  raising  its  tem- 
perature. The  temperature  of  bodies  depends  partly  on 
heir  capacities,  and  partly  on  the  quantity  of  caloric  ap- 
plied to  them ;  and  although  the  quantity  be  increased, 
f  the  capacity  is  at  the  same  time  proportionally  augment- 
ed, no  change  of  temperature  can  take  place.  Since, 
herefore,  the  capacity  becomes  greater  when  ice  passes 
0  the  state  of  water,  and  that  of  water  suffers  another 
ugmentation  when  it  passes  to  the  state  of  vapour,  the 

henomenon  that  does  occur  must  necessarily  happen  

II  absorption  of  caloric  without  any  rise  of  temperature, 
^he  quantity  which  is  absorbed  will  b6  in  proportion  to 
he  capacity  of  the  body  in  the  new  form,  or  it  will  re- 
uire  as  much  caloric  aS  is  requisite  to  keep  up  its  tem- 
erature  according  to  that  capacity,  from  the  point  of  prl- 
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vation  in  the  thermometrical  scale  to  tlie  point  at  which  it 
has  assumed  the  new  foroi ;  and  we  know  of  no  fact 
which  shews  that  the  quantify  really  absorbed  is  not  in 
proportion  to  this.  If,  therefore,  the  theory  of  Irvine  is 
to  be  contested,  the  facts  on  which  it  rests  must  be  de^ 
nied,  or  his  experiments  invalidated,  and  it  must  be  shewn, 
that  in  these  changes  of  form,  the  alledgcd  changes  of 
capacity  do  not  happen.  On  these  grounds,  the  doctrijie 
of  Black  might  be  maintained,  though  even  then,  as  an 
hypothesis,  the  opinion  of  Irvine  would  deserve  the  pre- 
ference. 

It  may  be  said,  that  we  are  not  certain  that  the  aug- 
mentation of  capacity  is  proportional  to  the  quantity  of 
caloric  absorbed,  and  that  besides  the  portion  which  the 
augmented  capacity  demands,  another  quantity  may  en- 
ter into  chemical  union.  This,  indeed,  cannot  be  ascer- 
tained by  direct  experiment,  for  we  have  not  discovered 
with  certainty  the  absolute  quantity  of  caloric  contained  in 
bodies,  from  knowing  which  we  could  discover  whether 
the  quantity  absorbed  in  these  changes  of  form  corre- 
sponds with  the  changes  of  capacity.  But  if  the  oppo- 
site hypothesis  is  to  be  left  to  this  bare  possibility,  it  can- 
not be  said  to  have  much  support ;  and  the  maxim  i: 
philosophy,  That  causes  are  not  to  be  multiplied  to  ac- 
count for  phenomena,  precludes  the  admission  of  a ///y;^;;- 
sition  unsupported  and  unnecessary. 

The  other  theory,  which  considers  the  cliange  of 
form  as  produced  by  an  intimate  combination  of  the  ca- 
loric which  disappears  with  the  body  whose  form  is  altrr- 
ed,  rests  on  a  principle  entirely  hypothetical :  it  is  less 
simple  and  comprehensive  :  and  derives  support  from  a  li- 
mited view  of  the  piienomena. — Note  B. 
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:  SECT.  VI. — Of  the  Absolute  Quantity  of  Caloric  in  Bodies. 

Caloric,  whatever  may  be  its  nature,  must  be  contain- 
ed in  bodies  in  limited  quantity.  It  may  therefore  be 
proposed  as  a  problem.  What  the  absolute  quantity  is  ;  or 
at-what  distance  in  the  thermometrical  scale,  from  a  given 
temperature,  would  the  point  at  which  bodies  would  be 
entirely  deprived  of  caloric,  be  found  ?  The  farther  we 
reduce  the  temperature  of  a  body,  the  nearer  we  approach 
this  point ;  and  could  we  actually  arrive  at  it,  it  is  evident 
that  by  commencing  from  it  the  thermometrical  scale,  we 
should  ascertain  the  quantity  of  caloric  which  a  body  con- 
tains, and  the  degrees  on  that  scale  would  then  be  an  ex- 
act measure  of  the  absolute  quantity  of  caloric  existing  in 
any  body  at  a  given  temperature. 

We  can  never,  however,  expect,  by  any  actual  reduc- 
tion of  temperature,  to  abstract  from  bodies  all  the  -calo- 
ric they  contain.  Stillj^though  this  be  impracticable,  it 
has  been  attempted  to  discover  by  calculation,  at  what 
distance  in  the  thermometrical  scale  this  point  of  absolute 
privation,  or  the  real  zero,  as  it  has  been  termed,  would 
be  placed  5  and  I  have  to  state  in  this  section  the  methods 
which  have  been  employed,  and  their  results. 

The  possibility  of  solving  this  problem  seems  first  to 
have  occurred  to  Dr  Irvine,  and  to  have  been  suggested  to 
him  from  the  consideration  of  the  change  of  capacity 
which  attends  liquefaction,  combined  with  the  quantity 
of  caloric  which  is  absorbed.  It  is  obvious,  that  if  the 
quantity  of  caloric  contained  in  bodies  be  proportioned  to 

C  c  2 
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their  capacity,  from  knowing  that  capacity  in  the  differ- 
ent states  in  which  a  body  exists,  and  the  quantity  of  ca- 
loric which  it  absorbs  or  gives  out  when  it  suffers  a 
change  of  form,  the  extent  of  which  experiment  can  dis- 
cover to  us,  we  have  the  data  from  which  the  whole  quan- 
tity of  caloric  existing  in  it  maybe  discovered  ;  that  quan- 
tity  bearing  a  certain  relation,  which  the  difference  of  the 
capacity  of  the  body  in  its  two  states  discovers,  to  the 
quantity  absorbed  or  given  out  in  the  change  of  form. 
Thus,  suppose  the  capacity  of  water  to  be  to  that  of  ice 
as  10  to  9,.  water,  at  the  same  temperature  with  ice,  that 
is  at  32°,  at  which  both  may  exist,  will  consequently  con- 
tain one-tenth  more  caloricin  equal  weights.  When  wa- 
ter, therefore^  is  converted  into  ice,  it  must  give  out  this 
tentli  part,  and  by  ascertaining  what  the  amount  of  this 
is,  we  discover  what  the  quantity  of  caloric  is  which  wa- 
ter contains,  or  what  quantity,  numbered  by  degrees  of 
temperature,  will  be  requisite  to  raise  it  from  the  real 
zero  to  32^.  The  quantity  evolved  has  been  stated  by 
Lavoisier  at  135°,  by  Dr  Black  at  U0°,  by  Gadolin  at 

4 

11*3*^.  Supposing  the  number  approaching  nearest  to  the 
medium  of  these,  I'tO^,  be  taken,  this,  according  to  the 
preceding  statement,  is  the  tenth  part  of  the  caloric  which 
water  at  32°  contains  j  of  course,  to  obtain  the  whole 
quantity,  this  portion  is  to  be  multiplied  by  10,  which 
gives  HOO  as  the  whole  caloric  in  water  at  32°  ^  or  12fiO 
degrees,  such  as  those  contained  in  the  water,  now  re- 
main in  the  ice.  But  the  capacity  of  this  ice  being  one- 
tenth  less  than  that  of  water,  the  quantity  of  caloric  which 
would  raise  the  temperature  of  water  1260®  will  raise  that 
of  ice  1400'^.    Hence  either  water  or  ice  at  32°  contains 
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a  vqaantity  of  caloric  capable  of  raising  its  own  tempera- 
ture 1400  degrees,  and  of  course  the  zero  is  at  that  dis- 
tance, measuring,  by  the  divisions  of  Fahrenheit's  scale, 
from  32°  *. 

On  these  principles  is  founded  the  theorem  which  Dr 
Irvine  gave  for  calculating  the  real  zero.  Without  em^- 
ploying  algebraical  terms,  it  may  be  thus  stated-^The  ca- 
pacities of  the  solid  and  fluid  being  as  the  wJiole  quanti- 
ties of  caloric  they  contain,  it  will  follow  that  the  difl^er- 
ence  between  the  numbers  which  express  their  capacities, 
is  to  the  number  which  expresses  the  capacity  of  the 
fluid,  as  the  difFerence  between  the  quantities  of  heat 
which  each  contains,  measured  according  to  the  capacity 
of  the  fluid,  is  to  the  number  of  degrees  which  will  ex- 
press the  quantity  of  caloric  it  contains  from  zero.  The 
follovi'ing  general  formula,  therefore,  may  be  given  for 
the  calculation.  Multiply  the  number  which  expresses 
the  quantity  of  caloric  absorbed  when  the  body  passes 
from  the  solid  to  the  liquid,  or  given  out  when  it  passes 
from  the  liquid  to  the  solid  state,  by  the  number  denoting 
:he  capacity  of  the  fluid.  Divide  the  product  by  the  num~ 


*  It  is  proper  to  state,  that  Dr  Irvine  placed  the  zero  at  a- 
hout  900°  below  0  of  Fahrenheit,  from  finding  as  the  result  of 
liis  experiments,  a  different  proportion  between  the  capacities 

)f  ^Vater  and  ice.  Instead  of  being  as  10  to  9,  he  foxind  it  to 
be  nearly  as  10  to  8  ;  and  as  Dr  Irvine  appears  to  have  made 
:he  experiment  to  ascertain  these  comparative  capacities  with 
more  care  than  any  other  person,  his  estimate  would  be  to  be 
preferred,  if,  as  I  shall  soon  have  to  state,  the  discordant  results 
Ion  this  question  did  not  render  all  the  numbers  that  have  beei^ 

,iven  doubtful. 
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ber  which  expresses  the  dlfFerence  In  the  capacities  of  th<r 
body  in  its  two  forms  i  the  quotient  will  be  the  number 
of  degrees  of  temperature  between  the  freezing  point  of 
the  fluid  and  zero,  measured  according  to  the  capacity  of 
the  fluid.  Or,  if  we  take  as  the  multiplicator,  the  num- 
ber which  expresses  the  capacity  of  the  solid,  the  quo- 
tient  of  the  division  will  give  the  quantity  of  caloric  con- 
tained in  the  solid  at  its  melting  point,  measured  by  de- 
grees according  also  to  the  capacity  of  the  fluid.  And, 
to  bring  these  to  degrees,  measured  by  the  capacity  of  the 
solid  itself,  it  is  only  necessary  to  add  the  number  of  de- 
grees absorbed  in  its  transition  to  the  fluid  form. 

All  .bodies  which  have  a  common  temperature,  must  be 
at  the  same  distance  from  the  commencement  of  the 
thermometrical  scale.  They  contain  indeed,  at  the  same 
temperature,  very  different  quantities  of  caloric  ;  but  this 
arises  from  the  difference  in  their  capacities,  or  from 
their  requiring  different  quantities  to  produce  the  same 
augmentations  of  temperature.  The  degrees  of  tempera- 
ture are  the  same,  though  the  quantities  requisite  to  pro- 
duce these  degrees  be  different.  If,  therefore,  water  at 
32^  be  distant  from  the  real  zero  14?00  degrees,  all  other 
bodies  must  be  distant  from  it  the  same  number  of  de- 
grees •,  the  number  in  each  being  measured  by  degrees, 
according  to  its  own  capacity  *.    Hence,  if  this  point  be 

*  If  this  circumstance,  the  reckoning  the  degrees  according 
to  the  capacity  of  the  body  referred  to,  be  not  attended  to, 
the  resuhs  cannot  torrespond  ;  and  there  is  reason  to  believe, 
that  this  has  sometimes  been  overlooked.  Thus,  some  au- 
thors, from  the  calculation  in  the  text,  founded  on  the  capa- 
cities of  ice  and  water,  have  stated  the  zero  at  1260°  below 
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truly  determined,  it  must  turn  out  the  same  when  deter- 
mined by  other  methods  on  other  bodies.    And  this  a- 

32°,  The  caloric  contained  in  ice  at  32°,  is  no  doubt  accord- 
ins^  to  the  data  on  which  that  calculation  is  founded  equal 
to  12G0°,  measured  by  the  capacity  of  water;  but  these  ought 
to  be  measured  by  the  capacity  of  the  ice  itself ;  and  as  this  is 
one-tenth  less  than  that  of  waU;r,  this  will  bring  them  equal 
to  1400°.  In  like  manner,  the  quantity  of  caloric  in  water 
at  32",  according  to  the  same  data,  will  be  equal  to  1400°  a- 
bove  zero  ;  these  degrees  being  measured  by  tlie  capacity  of 
water.  And,  in  all  cases,  the  distance  at  which  any  body, 
at  a  given  temperature,  is  from  zero,  ought  to  be  stated  in 
degrees  measured  by  its  own  capacity ;  and  if  this  be  done, 
the  distance  of  that  point  from  a  given  temperature  will  in  all 
turn  out  the  sam.e,  though  the  real  quantities  of  caloric  they 
may  contain  will  be  different.  This  will  be  found  illustrated 
by  a  diagram,  in  a  Note,  at  the  end  of  the  volume.  For  the 
following  general  formula,  for  calculating  the  zero,  applicable 
to  the  measurement  by  the  capacity  either  of  the  fluid  or  of 
the  solid,  and  more  comprehensive  than  any  1  have  met  wifh, 
1  am  indebted  to  my  friend  Mr  Jackson  of  Ayr.  "  Let  C  8c  c 
represent  the  capacities  of  the  fluid  and  the  solid  respectively; 
H  &  /*  their  absolute  quantities  of  heat,  as  measured  by  ther- 
mometrical  degrees,  according  to  the  capacity  of  the  fluid  ; 
H'  &  h',  the  same  as  measured  according  to  the  capacity  of 
the  solid :  ' 
Then  C  :c  =  H  -.h 

&  C—c  :  C     K—/i  :  H  -  ^^—^0  C 

C—c 

Also  C  :  c  =  H'  :  h' 

Sc  C—c  :  c-H'—h'  :         (^'—^')  ^ 

C—c 

Or,  as  the  difference  of  the  numbers  expressing  the  capacities 
of  the  fluid  and  the  solid,  is  to  that  expressing  the  capacity 
of  either ;  so  is  the  difference  of  their  absolute  quantities  <5f 
heat  at  the  point  of  liquefaction,  estimated  according  to  the 
scale  of  that  capacity,  to  the  distance  on  the  same  scale  be- 
tween  the  point  of  hquefaction  and  the  absolute  zero." 

Cel. 
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greement,  if  obtained,  will  be  a  proof  of  the  justness  of 
the  principles  on  which  the  solutiorn  of  the  problem  has 
been  attempted. 

Dr  Crawford  endeavoured  to  determine  it  by  a  calcu- 
lation, founded  on  the  capacities  of  the  two  simple  sub- 
stances  which,  by  their  combination,  form  water,  the 
quantity  of  caloric  which  is  extricated  during  their  cora- 
bination,  and  the  capacity  of  the  product.  It  is  evident 
that  supposing  the  specific  calorics  of  the  elements  of  wa- 
ter to  be  the  same  as  their  absolute  calorics,  by  knowing 
these  specific  calorics,  the  quantity  of  caloric  which  is 
given  out  during  their  combination,  and  the  specific  calo- 
ric  of  the  substance  they  form,  we  may  discover  the  ab- 
solute quantities  they  contained,  or,  measured  by  their 
capacities,  the  number  of  degrees  at  which  they  are  dis- 
tant from  the  zero.  Dr  Crawford  calculated  this  to  be 
1550°,  from  50^  of  Fahrenheit,  or  placed  the  zero  at 
J  532°  below  the  freezing  point  of  water  *. 

Gadolin  instituted  a  series  of  experiments  on  this  sub- 
ject, which  appear  to  have  been  executed  with  much 
care  f .  He  ascertained  the  capacity  of  sea-salt,  and  the 
capacity  of  the  solutions  it  forms  with  given  quantities  of 
water,  and  observed  the  degrees  of  cold  which  were  pro- 
duced in  dissolving  the  salt  in  the  various  proportions  of 
water ;  and  the  'results  he  obtained  coincided  with  the 
supposition  that  the  point  of  privation  is  1400  degrees  be- 
low 0  of  Fahrenheit,  or  14'32^  below  the  freezing  point 
of  water.  And  other  experiments  made  on  the  cold,  pro- 
duced in  the  mutual  action  of  snow  and  salt,  and  on  the 


*  Treatise  on  Aniiiial  Heat,  p.  207.       f  Ibid,  p.  457- 
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iieat  excited  by  the  combination  of  sulphuric  acid  with 
water,  agreed  with  this  as  nearly  as  from  the  delicacy  of 
the  experiments  could  have  been  expected. 

But  I  have  to  state,  that  the  experiments  of  Lavoisier 
and  La  Place  with  the  calorimeter,  gave  results  altogether 
inconsistent  with  these,  and  with  each  other.  From 
mixing  at  the  temperature  of  melting  ice,  water  and 
tjuicklime  in  the  proportion  of  9  to  16,  discovering  by 
the  calorimeter  the  quantity  of  caloric  given  out,  and 
comparing  this  with  the  capacities  of  the  lime,  the  water, 
and  the  mixture  of  the  lime  and  water,  the  quantity  of 
caloric  contained  in  the  water  at  tKat  temperature,  or,  in 
the  equation  they  employed,  x,  was  found  =1537.8 
degrees,  according  to  Reaumur's  scale,  or  3460°  accord- 
ing to  Fahrenheit's  ;  in  other  words,  water  at  its  freezing 
point,  contains,  according  to  the  calculation  founded  on 
this  experiment,  3460  times  more  caloric  than  what 
elevates  its  temperature  one  degree  of  Fahrenheit's  scale, 
and  of  course  the  zero  is  that  number  of  degrees  below 
32^.  An  experiment,  conducted  in  a  similar  manner, 
on  the  heat  evolved  by  a  mixture  of  sulphuric  acid  and 
water,  compared  with  the  capacities  of  the  substances  be- 
fore and  after  mixture,  gave  x  =324L9°  R.,  or  7294* 
F.  A  third  experiment,  in  which  the  acid  and  water 
were  mixed  in  other  proportions,  gave  x  =1169.1^  R., 
or  2630°  F.  And  lastly,  from  the  mixture  of  nitric  acid 
and  quicklime,  in  the  proportion  of  9f-  to  1,  the  result,  as 

La  Place  states  it,  was  x  =    '!f,l^^.  a  value,  as  he  re- 

marks,  "  physically  impossible,  and  consequently  proving 
ihe  falseness  of  the  hypothesis  calculated  on,  if  the  spe- 
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cific  calorics  employed  in  the  calculation  were  rigorously 
exact  *." 

This  conclusion,  taking  into  account  this  condition,  no 
doubt  follows  both  from  the  result  of  the  last  experiment, 
and  likewise  from  the  discordant  results  of  the  others. 

But  it  ought  to  be  observed,"  adds  La  Place,  «  that  a 
very  trivial  alteration,  at  most  a  fortieth,  in  the  estima- 
tion of  the  specific  heats  of  the  substances  employed, 
will  be  sufficient  to  establish  a  correspondence  between 
all  our  results for  the  quantities  of  caloric  given  out  in 
these  combinations,  bearing  so  inconsiderable  a  propor- 
tion to  the  absolute  caloric,  a  slight  alteration  in  the  esti- 
mation of  the  capacity  will  have  a  very  important  effect 
in  the  calculation  from  which  the  zero  is  deduced  ;  nor 
can  we  affirm,"  he  continues,  *•  that  an  error  so  trivial 
has  not  crept  into  our  experiments,  and  therefore  they 
are  neither  favourable  nor  adverse  to  the  theory  •,  and  all 
that  can  be  concluded,  is,  that  if  the  theory  on  which  this 
calculation  is  established  be  just,  the  absolute  heat  of  bo- 
dies the  temperature  of  which  is  that  of  melting  ice,  must 
be  at  least  600  degrees  of  Reaumur's  scale,  [1350°  of 
Fahrenheit's)  j  for  to  make  it  a  number  less  than  600°, 
it  is  necessary  to  suppose,  in  our  experiments,  errors 
greater  than  those  of  which  they  appear  to  be  suscepti- 
ble *."     With  this  candid  admission,  and  considering, 
that  in  no  case  can  we  be  assured  that  the  capacity  of  a 
body  is  ascertained  with  accuracy,  so  as  to  preclude  the 
error  of  a  fortieth  part,  and  that,  with  regard  to  many 
substances,  the  results  of  different  experiments  are  much 


*  Mt'moires  de  I' Acad,  des  Sciences,  1780,  p.  386. 
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more  discordant  than  this,  there  can  be  no  hesitation  In 
drawing  the  conclusion,  that  the  experiments  of  Lavoisier 
and  La  Place  do  not  invalidate  the  theorem  of  Irvine. 

In  addition  to  these  experiments,  Seguin  has  calculated 
at  what  point  the  zero  would  be  placed,  from  various  ex- 
periments by  Lavoisier,  on  the  caloric  rendered  sensible 
during  the  burning  of  different  combustible  bodies.  From 
the  heat  produced  in  the  burning  of  phosphorus  he  placed 
it  at  1894"  below  the  freezing  point  of  water, — from 
that  produced  in  the  burning  of  hydrogen  at  1663'',  and 
from  that  evolved  in  the  combustion  of  charcoal  at 
2709°  *.  These  numbers  do  not  differ  so  much  as  the 
preceding ;  and  although  they  are  drawn  from  experi- 
nients,  in  which  a  greater  proportion  of  the  absolute  ca- 
loric must  have  been  evolved,  yet  still  the  same  correc- 
tion, or  one  not  much  greater,  would  reconcile  them  ; 
and  when  we  consider  the  difficulties  attending  the  esti- 
mation of  the  capacities  of  aerial  bodies,  there  is  every 
reason  to  believe,  that  errors  not  less  important  enter  in- 
to the  calculations  from  these  experiments,  than  in  those 
from  the  experiments  of  Lavoisier  and  La  Place. 

Mr  Dalton  has,  partly  from  his  experiments,  and  partly 
from  facts  furnished  by  Lavoisier  and  Crawford,  calcu- 
lated the  zero,  and  has  placed  it  at  a  still  greater  distance 
from  natural  temperature.  The  following  table  exhibits 
the  results,  the  numbers  denoting  degrees  below  32  of 
Fahrenheit  f . 


*  Annales  de  Chimie,  t.  v. 
t  System  of  Chemical  Philosophy,  p.  97. 
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From  a  mixture  of  5.77  sulphuric  acid  and  1  water,  6400' 
  1.6  .  1    4J5^ 

  1                                  2    6000 

 3      lime                     1    4260 

 7      nitric  acid              1  lime  11000 

From  the  combustion  of  hydrogen,           -        -  5400 

 r  phosphorus,       -        -  54-00 

 charcoal,       -       -       .  6000 

 oil,  wax  and  tallow,        -  6900 

 ether,        -        -        -  6000 

The  want  of  agreeijient  in  these  calculations,  may  fair- 
ly be  ascribed,  with  La  Place,  to  errors  in  the  estimation 
of  the  capacities  of  the  substances  employed,  a  very  tri- 
vial difference  giving  rise  to  a  very  important  deviation  in 
the  result.  This  want  of  agreement,  therefore,  proves  the 
errors  to  which 'the  attempt  to  reduce  the  theorem  to 
practice  is  liable,  and  prevents  us  from  placing  all  the  con- 
fidence we  otherwise  should  do  in  any  solution  of  the 
problem  which  has  been  given,  but  does  not  invalidate 
the  theory* on  which  it  has  been  attempted.  If  the  capa- 
cities of  bodies  shall  ever  be  determined  with  perfect  ac- 
curacy, the  question  will  assume  a  different  form, — the 
place  of  the  real  zero  will  either  be  determined  with  cer- 
tainty, or  the  falsity  of  the  theory  be  demonstrated.  At 
present  we  can  expect  neither.  If  we  examine  the  table 
of  capacities,  we  find  such  differences  in  the  numbers  af- 
fixed to  the  same  substances  by  different  experimenters, 
as  sufficiently  prove  the  difficulty  of  fixing  them  with  such 
accuracy,  as  to  admit  of  either  conclusion. 

The  investigation  of  this  problem  is  however  rather  a 
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dbject  of  curiosity  than  of  utility  ;  and  it  is  far  from  be- 
ing what  Professor  Robison  states  it,  that  which  "  gives 
"  the  chief  importance  to  the  whole  doctrine  of-  specific 
heats."  The  importance  of  that  doctrine  consists  in 
its  giving  the  theory  by  which  we  account  for  the- varia- 
tions of  temperature  from  chemical  action;  our  knowledge 
of  the  relations  between  the  specific  calorics  of  different 
substances,  enabling  us  to  do  so  with  perfect  accuracy,  at 
that  part  of  the  scale  of  temperature  at  which  they  take 
place,  though  we  know  nothing  of  the  absolute  quantities 
of  caloric  they  contain.    Note  B. 

From  the  diversity  of  opinions  which  have  prevailed 
among  chemists  respecting  the  states  in  which  caloric 
exists  in  bodies,  several  forms  of  expression  have  been 
introduced,  which  may,  without  impropriety,  be  explain- 
ed in  this  place. 

Free  Caloric  is  caloric  in  that  state  in  which  it  ex- 
pands bodies,  and,  accumulated  to  a  certain  extent,  pro- 
duces the  sensation  of  heat.  It  is  synonymous  with  the 
sensible  heat  of  Dr  Black,  and  with  the  caloric  of  tempera- 
ture of  some  other  chemists. 

The  Specific  Caloric  of  the  French  Chemists  expresses 
the  relative  quantities  of  caloric  contained  in  equal 
weights  of  different  bodies  at  the  same  temperature,  or 
the  quantity  of  caloric  peculiar, to  any  body.  Thus  we 
say  that  the  specific  caloric  of  water  is  to  that  of  mer- 
cury as  28  to  I.  The  term  is  synonymous  with  the  Com- 
parative  Heat  of  Dr  Crawford.  Others  have  used  the 
phrase  Relative  Heat  in  a  similar  sense.  Wilcke,  how- 
ever, employs  this  tefm  Relative  Heat  to  denote  the 
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specific  caloric  of  a  body  when  estimated,  not  by  the 
weight,  but  by  the  volume. 

The  disposition  or  property  by  which  bodies  contain 
certain  quantities  of  caloric  at  any  temperature,  is  nam- 
ed their  capacity  for  eontaining  caloric.  The  term  is  gen- 
erally used  in  a  comparative  sense  ■,  as  when  the  capacity 
of  any  body,  that  of  mercury,  for  example,  is  said  to  be 
so  much,  compared  with  that  of  another,  of  water  for 
instance.  Hence  the  phrase  can  generally  be  substitut- 
ed for  that  of  specific  caloric,  the  cause  being  thus  plac- 
ed for  its  effect.  The  specific  caloric  is  the  quantity 
contained  in  any  body,  the  capacity  the  property  by 
which  that  quantity  is  contained,  and  hence  they  must 
be  proportional  to  each  other. 

Latent  Caloric,  or  Latent  Heat,  is  the  expression  used 
to  denote  that  quantity  of  caloric  which  a  body  absorbs 
when  it  changes  its  form.  The  expression  is  perhaps 
unnecessary,  the  quantity  of  caloric  which  the  body 
contains  in  its  new  state  being  a  portion  of  its  specific 
caloric. 

Combined  Caloric  is  that  portion  of  caloric  supposed 
to  be  contained  in  any  body  chemically  combined.  I 
have  already  observed,  that  it  is  very  doubtful  whether 
calpric  exists  in  such  a  state. 

The  Absolute  Heat  of  Dr  Crawford  denotes  the  whole 
quantity  of  caloric  which  any  body  contains.  It  is  ex- 
pressed in  the  modern  chemical  language,"  by  saying  the 
absolute  quantities  of  caloric  contained  in  bodies. 
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SECT.  VU.~Ofthe  Nature  of  Caloric. 

The  nature  of  that  power  which  we  denominate  Heat, 
lias  long  been  a  ^bject  of  discussion,  and  the  question 
with  regard  to  it  is  not  yet  determined ;  for  although 
the  greater  number  of  modern  chemists  have  inclined  to 
the  opinion  that  it  is  a  peculiar  subtle  matter,  some  have 
maintained  the  hypothesis,  that  the  phenomena  which  it 
exhibits  do  not  depend  on  a  material  agent,  but  arise 
from  some  state,  probably  a  vibration  of  their  particles^ 
into  which  bodies  can  be  put.    This  hypothesis  appears 
to  have  originated  with  Lord  Bacon.    He  first  investi- 
gated this  difBcult  subject ;  and  finding,  from  a  copious 
induction  of  facts,  that  the  causes  which  give  rise  to  in- 
<;reased  temperature,  and  all  its  effects,  are  in  general 
such  as  excite  motion  among  the  particles  of  bodies,  and 
that  causes  producing  such  motion  are  as  generally  fol- 
lowed by  rise  of  temperature,  he  concluded,  that  "  heat 
arises  from  violent  motion  in  the  internal  parts  of  bodies." 
In  pointing  out  the  nature  of  this  motion,  he  adds,  that 
it  is  an  expansive  one,  tending  to  dilate  the  body  in 
which  it  happens  ;  its  tendency  is  also  to  rise  upwards  ;  ' 
that  though  the  smaller  particles  dilate  themselves,  this 
motion  is  restrained,  so  that  it  becomes  constantly  alter- 
/nating,  or  vibration  performed  with  rapidity  among  the 
"iminute  particles  ; — in  his  own  words,  "  Calor  est  motus 
€xpansivus,  cohibitus  et  nitens  per  partes  minores  *." 
This  notion,  with  regard  to  the  nature  of  caloric,  was 


*  Works  of  Lord  Bacon,  vol.  iv.  p.  328. 
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adopted  by  Boyle  and  by  Newton,  and  at  a  later  period 
by  Miicquer  among  the  French  chemises. 

The  other  opuiion,  however,  continued  to  be  more 
generally  embraced.  It  considers  caloric,  or  the  power 
by  which  expansion  and  change  of  form  are  produced, 
as  a  subtle  elastic  fluid  diffused  over  matter,  with  which 
all  bodies  are  more  "or  less  penetrated,  and  whi^h  pro- 
duces in  them  these  peculiar  effects.  This  opinion  was 
maintained  by  Romberg,  Lemery,  Boerhaave,  and  the 
greater  number  of  chemists,  and  though  confessedly  hy- 
pothetical, it  seemed  so  probable,  and  explained  the 
phenomena  so  satisfactorily,  that  it  at  length  came  to  be 
generally  received.  It  was  admitted,  though  with  some 
reserve,  into  the  antiphlogistic  system,  and  by  many 
chemists  has  been  Considered  as  a  demonstrated  truth. 

Its  justness  has  however  been  called  in  question,  and 
it  will  be  necessary  to  review  the  arguments  by  which 
these  different  opinions  are  supported. 

In  favour  of  the  existence  of  caloric  as  matter,  little 
could  formerly  be  stated,  except  that  such  a  supposition 
appears  to  accord  with  the  phenomena  of  temperature, 
its  various  changes,  and  the  effects  these  produce  upon 
bodies  with  respect  to  expansion  and  change  of  form. 
If  a  body  is  increased  in  volume,  it  seems  a  probable  con- 
clusion that'some  other  matter,  some  subtle  fluid,  has  been 
introduced  into  its  pores  by  which  it  has  been  expanded, 
and  the  accumulation  of  this  fluid,  by  augmenting  the  ex- 
pansion, may  at  length  place  the  particles  at  such  distan- 
ces as  to  produce  the  fluid  or  aeriform  state.  Since  tem- 
perature can  be  communicated  from  one  body  to  another ; 
it  is  natural  to  refer  the  distribution  to  the  communication 
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of  this  subtle  matter  j  and  if  different  bodies  have  their 
emperatures  unequally  raised  by  equal  communications 
of  this  power,  the  phenomenon  may  be  explained  by  the 
supposition  of  difference  in  density,  or  of  affinity  between 
:he  power  itself  and  the  matter  to  which  it  has  been  com- 
municated. So  far  the  effects  produced  by  caloric — its 
passage  from  one  body  to  another,  and  its  relations  to 
matter  in  general,  seem  satisfactorily  explained  on  the  sup- 
position that  it  is  a  peculbr  fluid,  the  particles  of  which 
are  mutually  repellent. 

There  Is  one  phenomenon,  however,  the  explanation  of 
which  is  not  so  obvious,  and  which,  since  it  has  been 
accurately  investigated,  has  afforded,  in  the  opinion  of 
many,  sufficient  reason  to  doubt  of  the  materiality  of  ca- 
ioric.  It  is  the  production  of  increased  temperature  by 
friction  or  percussion.  Examples  of  this  are  very  fami- 
iiar.  If  a  rod  of  iron  be  beat  upon  an  anvil,  it  soon  be- 
comes hot,  and  if  the  beating  be  continued,  its  tempera- 
ture rises  to  ignition.  A  rope  rapidly  revolved  round  any 
solid  body  will,  in  like  manner,  be  soon  so  much  heated, 
that  it  will  catch  fire  ;  or  the  friction  of  two  pieces  of 
hard  wood  against  each  other  will  heat  them  so  much  as 
to  kindle  them.  The  spark  struck  from  a  flint  and  steel 
is  another  example  of  the  same  kind. 

In  these  instances  it  was  supposed  that  the  caloric  con- 
tained in  the  body  is  expelled  by  the  repeated  impulse 
arising  from  the  friction  or  percussion,  forcing  the  parti- 
cles nearer  to  each  other.  Some  modern  chemists,  how- 
ever, in  conseqtfence  of  having  determined  with  more  ac- 
curacy the  quantity  of  caloric  disengaged  by  these  opera- 
tions, and  the  circumstances  connected  with  ita  produc- 
VoL.  I.  D  d 
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tion,  have  endeavoured  to  shew  that  this  explanation  i« 
insufficient,  and  have  adopted  the  opinion  of  liacon  o« 
the  nature  of  caloric. 

Count  Rumford  had  observed,  that  in  the  boring  of  < 
cannon,  by  the  friction  of  the  borer  a  very  large  quantity 
of  caloric  is  rendered  sensible.  To  ascertain  its  quantity 
he  •fixed  a  solid  cylinder  of  brass  in  a  trough  filled  with 
water,  and  having  adapted  the  borer  to  it  connected  with 
the  machinery  by  which  it  is  turned,  it  was  mzde  to  re- 
volve in  the  usual  manner,  at  the  -rate  of  32  times  in  a 
minute.  Heat  \vzs  soon  excited,  and  of  course  raised  the 
temperature  of  the  metal,  and  of  the  surrounding  water. 
In  an  hour  the  temperature  had  risen  from  60*'  to  107'', 
and  In  two  hours  and  an  half  the  water  was  brought  to 
boil,  the  quantity  of  this  water  being  18  lbs.;  the  appara- 
tus itself,  which  was  raised  to  the  same  temperature,  ,^ 
weighed  15  lbs. 

In  investigating  the  source  of  this  caloric,  Rumford  ea-  -t 
deavours  to  shew  that  its  extrication  could  not  arise  from 
a  diminution'of  capacity,  since  the  capacity  of  the  borings  i 
of  the  metal,  he  found  by  experiment  to  be  thfe  same  as 
that  of  the  solid  metal.    The  circumstances  of  the  expe--| 
riment  proved,  that  the  atmospheric  air  has  no  'share  in 
the  production  of  the  heat,  since  its  access  was  prevented  i 
by  the  water  surrounding  the  apparatus  ;  neither  does  the  r| 
water  appear  to  have  contributed  to  it  by  any  chemical  i 
agency,  since  it  underwent  no  change ;  and,  lastly,  the  ca-  -f 
loric,  he  thinks,  could  not  have  been  communicated  by 
the  surrounding  bodies,  since  they  were  in  fact  receiving 
it  from  the  matter  subjected  to  friction.    He  concludes,  ' 
that  any  thing  which  any  insulated  body  or  system  of  bo- 
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dies  can  furnish  without  limitation,  "  cannot  possibly  be 
a'  material  substance  j"  and  it  appears  to  me,  he  adds,  "  to 
be  extremely  difficult,  if  not  quite  impossible,  to  form  any 
iiistinct  idea  of  any  thing  capable  of  being  excited  and 
C&mmunicated  in  jthe  manner  the  heat  was  excited  and 
communicated  in  these  experiments,  except  it  be  mo- 
tibn  *." 

In  confirmation  of  this  conclusion  might  be  stated 
some  experiments  which  had  previously  been  made  by  Mr 
Pictet,  and  which  prove,  in  particular,  that  the  caloric  ex- 
cited by  friction  is  not  produced  by  any  agency  of  the  sur- 
ounding  air ;  since  by  introducing  machinery  capable  of 
producing  friction  into  the  exhausted  receiver  of  the  air- 
pUmp,  and  working  it,  heat  was  produced.  This  indeed 
h'dd  been  established  by  Boyle,  by  a  very  satisfactory  ex- 
petiment  made  in  an  exhausted  receiver,  two  pieces  of 
brass  being  made  to  rub  against  each  other,  and  a  very 
sensible  degree  of  heat  being  soon  excited  f.  Mr  Pictet, 
in  his  experiments,  found  the  heat  to  be  increased  by  in- 
terposing some  soft  substance,  as  cotton,  between  the  sur* 
faces  subjected  to  friction  :  the  excitation  appeare4  also  td 
be  connected  with  some  electrical  phenomena,  whence  he 
supposed  electricity  to  be  concerned  in  its  production  %• 

Mr  Davy  had  also,  without  any  knowledge  of  Count 
Rumford's  experiments,  made  some  of  a  similar  nature, 
from  which  he  drew  similar  conclusions.  By  exciting 
friction,  he  found  heat  produced,  although  the  apparatus, 
as  he  conceived,  was  insulated  by  being  placed  on  ice  in 


*  Essays,  vol.  ii.  p.  493. 

t  Boyle's  Works,  vol.  iii.  p.  265. 
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'ifacuo :  and  by  exciting  it  between  two  pieces  of  ice  itself, 
he  found  so  much  caloric  was  evolved  as  to  melt  it.    It  'I 
Seems  to  be  evident,  that  in  this  case  the  evolution  of  ca- 
loric could  not  be  owing  to  a  diminution  of  capacity,  since  I 
the  water  into  which  the  ice  w^as  converted  has  even  a 
greater  capacity  for  caloric.    And  it  is  likewise  evident, 
that  it  could  not  arise  from  any  chemical  action  of  the  at- 
mospheric  air,  since  ice  is  not  acted  on  by  this  air,  or  by 
any  of  its  principles  :  Iri  other  experiments,  too,  caloric 
was  evolved  when  the  friction  was  excited  in  vacua. 
Since  no  cause  can  be  pointed  out  whence  the  caloric  can 
be  derived,  supposing  it  to  be  matter,  Mr  Davy,  at  that 
time,  concluded  that  it  is  not  material,  but  is  mere  mo- 
tion, or  vibration  of  the  particles  of  bodies  *. 

The  present  state  of  our  knowledge  probably  does  not 
admit  of  a  decided  opinion  being  formed  on  this  subject. 
I  can  only  offer  a  few  observations  on  those  facts  and  ar- 
guments which  have  a  relation  to  it. 

That  the  opinion  which  supposes  caloric  to  be  matter, 
considering  it  as  an  hypothesis,  affords  a  satisfactory  ex- 
planation of  the  greater  numbet  of  the  phenomena  arising  . 
from  that  power,  has  been  generally  supposed.  On  the 
assumption  of  the  existence  of  a  peculiar  subtle  matter, 
whose  particles  are  mutually  repellent,  the  expansion  of 
bodies,  their  fusion,  and  vaporisation,  may  be  conceived 
to  arise  from  its  introduction.  It  is  also  a  priori  sufEcient- 
ly  probable,  that  this  fluid  may  have  different  relations  to 
different  bodies,  and  that  from  these  differences  it  will 
produce  upon  them  unequal  effects.     It  may  be  propa- 


*  Beddoes'  Medical  Contributions. 
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gated  through  them  with  different  degrees  of  celerity,  be 
contained  in  them  in  different  quantities,  and  produce  in 
nithem  different  degrees  of  expansion. 

The  opposite  opinion,  that  caloric  is  motion,  placing 
tjit  on  the  same  ground,  or  considering  it  as  an  hypothesis, 
ij'sdoes  not  afford  an  explanation  of  these  phenomena  equal- 
ialy  satisfactory.  The  most  general  effect  arising  from  the 
rtoperation  of  caloric  is  expansion    but  if  caloric  is  no- 
nthing  but  mere  motion  or  vibration  of  the  particles  of 
I  ;the  heated  body,  how  is  this  effect  produced  ?  Vibration 
mis  nothing  more  than  the  alternate  approximation  and  re- 
i»trocession  of  the  particles  ;  but  from  this  state  it  is  evi- 
udent,  that  no  permanent  and  uniform  increase  of  volume 
(can  take  place.    Still  les,s  can  this  cause  account  for  the 
ijaugmentation  of  volume,  which  accompanies  fluidity  and 
jftvaporisation.    When  water  is  converted  into  vapour,  it 
■  occupies  1 800  times  the  space  which  it  did  while  in  the 
fluid  form.    Suppose  vibration  to  be  increased  to  any  inr 
tensity,  it  cannot  be  shewn  how  it  can  permanently  sepa- 
rate the  particles  of  a  body  to  such  distances.  The  deficien- 
cies of  this  opinion  are  evident  in  its  application  to  other 
phenomena.    The  laws  of  its  propagation  through  bo- 
dies are  different  from  the  established  laws  of  motion. 
Were  they  the  same,  the  propagation  of  caloric  ought  to 
he  momentary  through  elastic  bodies,  and  should  be  more 
or  loss  rapid  through  others,  according  to  their  elasticity, 
which  is  far  from  being  the  case.     Neither  is  any  cause 
]iointed  out  why  it  should  be  so  slowly  transmitted 
through  fluids  or  airs.  We  are  equally  unable  to  account 
for  its  distribution  in  bodies,  and  the  quantities  of  it  rcr 
ilred  to  produce  given  temperatures  in  different  syb- 
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Stances,  or  the  portions  of  it  absorbed  when  bodies  change 
their  forms,  on  any  laws  it  could  observe,  supposing  it 
to  be  any  species  of  motion. 

So  far  the  one  opinion  is  preferable  to  the  other,  and 
we  have  only  to  inquire  whether  any  proof  can  be  given 
of  the  materiality  of  caloric. 

The  communication  of  temperature  through  a  vacuum  , 
has  been  regarded  as  such  a  proof.    This  fact  was  as-  ' 
certained  by  Pictet,  who  found,  that  a  thermometer  in- 
dicated increase  and  diminution  of  temperature,  when 
suspended  in  an  exhausted  receiver  ;  and  Count  Rumford 
had  shewn,  what  is  still  more  unexceptionable,  that  this 
happens  when  the  thermometer  is  suspended  in  the  Tor- 
ricellian vacuum.    On  plunging  the  apparatus  with  the 
thermometer  in  this  situation  into  a  warm  fluid,  the 
mercury  rose,  while  it  sunk  when  it  was  plunged  into  a 
cold  one,  consequently  caloric  both  passed  to  and  from 
the  thermometer,  through  the  vacuum,  without  any  ma*? 
terial  vehicle  by  which  vibrations  could  be  conveyed.  It 
is  true,  that  even  in  the  Torricellian  vacuum,  there  is 
reason  to  believe,  as  has  already  been  remarked,  (p.  215)| 
a  very  subtle  vapour  is  present,  arising  from  the  vaporisa* 
tion  of  the  mercury  from  the  absence  of  pressure.  But 
admitting  this,  the  subtilty  of  this  vapour  must  be  such,  j 
that  we  cannot  suppose  it  capable  of  transmitting  vibra- 
tions so  as  to  raise  the  temperature  in  a  short  time ;  the  j 
difference  between  the  conducting  power  of  this  vacuum 
and  that  of  atmospheric  air  being  in  an  inverse  ratio  not 
greater  than  as  605  to  100,  while  the  difference  between  jj 
the  density  of  the  air  and  that  of  this  vapour  must  be 
inconceivably  great. 
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The  radiation  of  caloric  appears  to  be  another  unequi- 
vocal proof  of  its  materiality.  A  matter  is  thrown  from 
heated  bodies,  which  moves  in  right  lines  with  velocity, 
is,  capable  of  reflection  and  condensation,  raises  the  tem- 
perature of  any  body  on  which  it  falls,  and  which  in 
every  state  preserves  the  properties  of  caloric. 

Lastly,  the  existence  of  caloric  in  the  r^ys.  of  the  sun» 
apart  from  visible  light,  though  comprehended  perhaps 
under  the  preceding  fact,  adds  to  the  proof,  that  a  pe- 
culiar matter  exists,  possessed  of  the  properties  of  calo- 
ric, and  distinct  from  every  other. 

The  materiality  of  caloric  appears,  therefore,  from  these 
facts  to  be  established ;  and  admitting  it,  we  have  only 
the  difficulty  of  explaining  the  phenomenon,  from  which 
the  opposite  hypothesis  has  been  deduced, — the  produc- 
tion of  heat  by  friction.  Several  explanations  have  been 
proposed.  Without  discussing  what  is  confessedly  hypor 
thetical,  I  may  add  the  following,  uncertain  even  if  it  can 
be  regarded  as  satisfactory. 

By  friction,  percussion,  or  any  other  species  of  me- 
chanical impulse,  the  particles  of  bodies  must  be  thrown 
into  vibration  or  a  state  of  oscillation  j  they  must  alter- 
nately approach  to  and  recede  from  each  other.  In  their 
.ipproach,  it  is  certain  that  part  of  the  caloric  interpose^ 
between  their  particles  must  be  forced  out,  and  in  the 
(.orresponding  retrocession,  caloric  must  he  absorbed. 
Of  these  propositions  there  can  be  no  doubt,  since  it  is 
proved  by  experiment,  that  any  compressible  elastic 
body,  a  gas  for  example,  subjected  to  pressure,  gives  out 
■rt  of  its  caloric  ;  and  that,  on  the  contrary,  in,  its  e^g 
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pansion  from  the  removal  of  pressure,  it  abstracts  calo-  i 
ric  from  the  surrounding  bodies. 

The  point  tlien  to  be  determined,  in  order  to  obtain  a.! 
solution  of  the  question  respecting  the  production  of  cal- 
oric by  friction  is,  Whence  is  the  caloric  derived,  which 
is  absorbed  by  the  body  in  a  state  of  vibration,  and  which 
alternates  with  th,e  quantity  given  out  ?  If  it  were  mere- 
ly the  quantity  given  out  in  the  approximation  of  thet 
particles,  that  was  again  taken  in  in  the  retrocession,  no  i 
permanent  rise  of  temperature  could  take  place.    But  if ; 
any  other  source  can  be  pointed  out  whence  it  can  be? 
derived,  the  difficulty  will  be  removed. 

Now  it  is  far  from  being  improbable,  that  the  part  of  i 
the  body  submitted  to  friction,  and  giving  out  caloric  in  i 
consequence  of  it,  may  receive  caloric  from  the  rest  of . 
the  mass,  from  the  elasticity  of  that  agent,  or  its  tendency 
to  exist  every  where  in  a  state  of  equilibrium.     In  the  ^ 
separation  of  the  particles,  caloric  may  flow  in  from  every » 
side  ;  the  layer  of  matter  immediately  in  contact  with  the  . 
surface  in  a  state  of  friction,  may  afford  a  quantity, 
which  may  again  be  supplied  from  the  matter  contiguous 
to  it,  and  thus  a  constant  evolution  may  be  kept  up. 
Nor  is  it  impossible  but  that  this  may  extend  to  a  con- 
siderable distance  from  the  surface  to  which  tlie  friction 
is  applied,  and  even  through  different  kinds  of  matter  if  : 
they  are  in  contact. 

This  hypothesis  will  be  much  confirmed,  if  an  analo- 
gous case  can  be  adduced,  in  which  this  very  Jaw  is  ob- 
served, and  this  may  be  done.  When  electricity  is  ex- 
cited by  friction,  we  conceive  the  phenomena  to  be  pro- 
duced nearly  in  the  mode  which  I  have  supposed  with 
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respect  to  the  generation  of  caloric.  By  the  vibrations 
excited  by  the  friction  in  the  electric  body,  the  peculiar 
fluid  which  gives  rise  to  the  phenomena  of  electricity  is 
forced  out,  doubtless  by  the  particles  being  approximated 
by  the  vibration.  Now  the  phenomena  of  electricity 
shew,  that  the  fluid  thus  forced  out  is  not  all  reabsorbed 
in  the  corresponding  retrocession  of  the  particles,  but 
that  it  forms  an  atmosphere  round  the  electric  body,  or 
is  carried  off  by  others,  while  a  new  portion  is  received 
from  the  matter  immediately  in  contact  with  the  electric 
substance,  and  in  this  manner  from  the  earth  itself. 
Thus  a  perpetual  evolution  of  electricity  is  kept  up.' 
Caloric  may  follow  the  same  law,  and  if  this  supposi- 
tion be  admitted,  the  following  may  be  given  as  the  sum- 
mary of  the  explanation  of  the  evolution  of  this  power 
by  friction. 

The  matter  which  is  subjected  to  friction  must  neces- 
sarily be  in  contact  with  some  other,  and  must  have  a 
communication  with  the  earth.  When  the  cause  pro- 
ducing friction  is  applied,  it  is  thrown  into  vibrations ; 
its  particles  alternately  approach  to  and  recede  from  each 
other ;  in  the  approximation,  part  of  the  caloric  they 
contain  is  forced  out  ;  in  the  retrocession,  part  of  this 
caloric  may  be  absorbed,  but  part  may  be  and  probably 
is  taken  from  the  surface  of  matter  immediately  in  con- 
tact with  the  vibrating  particles  ;  and  thus  we  have  a 
constant  evolution  of  caloric  while  the  friction  is  excited. 

Count  Rumford  supposed,  that  in  his  experiments  the 
body  under  friction  could  not  receive  caloric  from  the 
matter  in  contact  with  it,  because  it  was  constantly  giv- 
ijig  out  caloric  to  that  matter.    But  in  this  there  is  no- 
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thing  contradictory  ;  the  vibrating  body  might  give  ou% 
caloric,  which  wouKl  no  doubt  be  diflasetl  paijt  over 
the  surrounding  matter,  and  it  miglit  still  vece>ve  fijom  it 
caloric.  It  might,  on  the  otlver  haiid,  be  suppohe.i,  that 
if  the  neighbouring  matter  gave  caloric  to,  the  body  sub- 
jiected  to  friction,  its,  temperature  must  be  reduced  ;  but 
neither  does  this  follovir,  as  the  progression  may  extend; 
gradually  through  the  whole  substance,  and  through  the 
matter  in  contact  with  it,  and  the  supply  be  sufficiently 
rapid  to  prevent  any  reduction  of  temperature,  indepen- 
dent even  of  the  quantity  which  it  again  received  from  the 
body  itself,  and  by  which  its  temperature  is  raised. 

The  evolution  of  caloric  from  this  cause, — the  vibra- 
tion of  the  particles  of  a  mass  of  matter,  is  no  doubt  con- 
nected with  diminution  of  capacity  ^  for  we  have  already 
shewn  how  intimately  related  are  the  capacities  of  bodies, 
and  the  state  of  their  particles  with  regard  to  approxi- 
mation, and  by  friction,  a  momentary  approximation  at 
least  must  be  produced.  And  in  general  terms,  it  may 
be  said  that  the  increase  of  temperature  from  friction, 
arises  from  change  of  capacity  produced  by  a  mechanical 
change  in  the  positions  of  the  particles,  the  friction  caus- 
ing them  to  approximate,  and  lessening  the  intermediate 
spaces.  But  this  diminution  of  capacity,  it  i»  to  be  re- 
collected, is  merely  momentary,  though  constantly  re- 
newed. The  experiment,  therefore,  of  Count  Rumford, 
by  which  he  endeavoured  to  shew  that  the  evolution  of 
caloric  from  friction  cannot  be  ascribed  to  diminution  of 
capacity,  is  not  adverse  to  this  opinion,  and  indeed  in 
any  point  of  view  is  of  no  weight ;  for  the  capacity  of 
the  matter  evolving  the  caloric  was  not  ascertained  while 
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it  was  in  the  state  of  vibration,  but  after  this  had  ceased, 
when  of  course  it  had  returned  to  its  usual  state,  and 
when  this  had  even  been  accelerated  and  rendered  more 
certain  by  the  metallic  filings  which  were  subjected  to 
trial  having  been  gradually  heated  in, the  progress  of  the 
experiment  by  which  their  capacity  was  a.scertained. 
Suppose  the  capacity  of  a  body  to  be  diminished  from  the 
approximation  of  its  particles  by  friction,  what  happens 
when  the  friction  has  ceased  ?  The  particles  have  gradu- 
ally resumed  their  former  arrangement,  and  therefore  the 
capacity  will  have  returned  to  its  former  state,  and  the 
caloric  given  out  will  again  be  absorbed,  or  its  loss  com- 
pensated for  by  absorption  from  the  contiguous  bodies. 
The  ascertaining  that  their  capacity  in  this  state  is  not 
changed,  is  not  in  the  slightest  degree  subversive  of  the. 
explanation  which  supposes  that  when  in  the  state  of  vi- 
bration their  capacity  is  diminished. 

It  is  lastly  to  be  added  on  this  question,  that  the  difR- 
culty  may  not  be  so  great  as  at  first  it  appears,  nor  the 
quantity  of  caloric  produced  by  the  friction  so  consider- 
able, compared  at  least  with  the  condensation  which  the 
friction  must  occasion.  BerthoUet,  who  in  examining 
the  experiment  of  Rumford,  has  referred  the  production 
of  heat  from  friction  to  the  disengagement  of  caloric 
from  the  approximation  of  the  particles  by  the  pressure 
applied,  and  the  expansive  effort  of  the  caloric  through  the 
whole  of  the  mass  supplying  its  place,  has  justly  observed, 
that  a  very  large  quantity  of  caloric  is  requisite  to  pro- 
duce even  a  small  augmentation  of  volume  in  a  mass  of 
solid  metal,  and  that  of  course  a  small  reduction  of 
•'  olume,  and  therefore  an  approximation  of  the  particles 
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during  friction  far  from  considerable,  may  evolve  a  large 
quantity  of  heat  *. 

It  has  been  endeavoured  to  determine  the  question 
with  regard  to  the  materiality  of  caloric,  by  ascertaining 
whether  it  is  subject  to  gravitation,  or  has  weight.  It  is 
difficult  to  make  the  experiment  with  accuracy,  so  as  to 
exclude  the  operation  of  circumstances  which  influence 
the  result,  and  hence  some  of  the  earlier  experiments  on 
this  subject,  those  of  Buffon,  for  example,  in  which  a 
body  appeared  to  increase  in  weight  by  being  raised  to  a 
white  heat,  at  the  rate  of  19  grains  to  the  pound,  are  en- 
titled to  no  consideration ;  and  those  of  Roebuck  and 
Whitehurst  f  seem  scarcely  to  have  been  made  with  suf- 
ficient care  to  allow  us  to  place  any  confidence  in  their 
results.  Mr  Whitehurst  pointed  out  a  principal  source 
of  fallacy  to  which  these  experiments  are  liable,  the 
ascending  current  of  air  from  the  scale  in  which  the  hot 
body  is  placed,  and  the  consequent  tendency  of  the  por- 
tion of  air  beneath  the  scale,  to  restore  the  equilibrium 
of  pressure  ;  and  to  this  cause  he  justly  ascribed  the  ap- 
parent diminution  of  weight  which  in  his  experiments  at- 
tended the  raising  the  temperature  of  a  body  to  a  red 
heat.  The  contiguity,  too,  of  the  hot  body  to  the  arm 
of  the  balance,  must  in  some  degree  heat  it,  and,  by  the 
expansion  it  causes  in  it,  alter  the  equilibrium. 

Dr  Fordyce  made  the  experiment  in  a  more  unexcep- 
tionable manner,  by  attempting  to  weigh  not  sensible,  but 
latent  heat ;  and  with  this  view  he  endeavoured  to  ascer- 
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tain  whether  the  congelation  of  water,  which  is  attended 
with  an  evolution  of  such  heat,  be  attended  with  any  al- 
teration in  the  absolute  gravity.  A  glass  globe  was  se- 
lected, of  nearly  three  inches  diameter,  and  about  1700 
grains  of  water  being  put  into  it,  it  was  hermetically 
sealed,  and  when  perfectly  clean,  weighed  exactly  2150|-|. 
gr.  Its  temperature  being  brought  to  32°,  by  having  been 
put  into  a  freezing  mixture.  It  was  again  immersed  in 
this  mixture  for  20  minutes,  by  which  part  of  the  water 
was  frozen ;  it  was  carefully  wiped,  and  on  putting  it 
into  the  scale,  it  was  found  to  have  gained  about  the 
-/g-th  part  of  a  grain.  This  was  repeated  five  times  ;  at 
each  time  more  of  the  water  was  frozen,  and  more 
weight  gained.  When  the  whole  was  frozen,  it  was 
found  to  have  gained  -^-^ths  of  a  grain,  but  the  temper- 
ature of  the  globe  and  contained  ice,  by  having  been 
kept  in  the  freezing  mixture,  had  been  reduced  to  12°  of 
Fahrenheit.  On  allowing  it  to  rise  to  32*^,  It  was  found 
to  weigh  Ttfth  gr,  more  than  when  the  water  was  fluid. 
The  beam  he  employed  was  so  adjusted,  that  with  a 
weight  of  between  4  and  5  ounces  in  each  scale,  ^'-g-th 
part  of  a  grain  made  a  difference  of  one  division  on  Its 
index.    The  air  of  the  room  was  37°  of  Fahrenheit  *. 

By  this  experiment,  then,  It  appears  that  water,  by 
freezing,  an  operation  in  which  it  evolves  caloric,  becomes 
heavier,  and  that  of  course  the  addition  of  caloric  to  a 
body  renders  It  absolutely  lighter ;  whjch,  If  admitted, 
appears  to  prove  that  caloric  counteracts  the  attraction  of 
gravitation,  as  It  does  that  of  contiguous  attraction  or  af- 
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finity.  The  experiment  was  repeated  by  Morveau  and 
Chaussier,  and  with  the  same  result,  the  water  being 
heavier  after  it  had  been  frozen  in  glass  vessels  hermeti- 
cally sealed,  than  it  was  before.  Two  pounds  of  sulphu- 
ric acid  weighed  three  grains  less  when  it  had  recovered 
its  fluidity,  than  it  weighed  when  it  was  in  a  congealed 
state.  Fontana,  however,  in  repeating  these  experiments, 
did  not  find  that  there  was  any  sensible  difference  in  the 
weight  of  ice  and  water,  the  balance  remaining  in  perfect 
equilibrium  *. 

Lavoisier  ^ntrod^lced  into  a  very  strong  glass  flask  a 
small  capsule,  on  which  were  placed  six  grains  of  phos- 
phorus. Having  closed  it  accurately  and  firmly,  he  weigh- 
ed it  with  great  exactness,  and  removing  it,  kindled  the 
phosphorus,  by  exposing  it  to  the  solar  rays,  concentra- 
ted by  a  small  lens.  When  the  vessel  had  become  cold, 
it  was  again  weighed,  and  not  the  smallest  difi^erence  of 
weight  could  be  discovered.  In  a  second  experiment,  he 
put  a  pound  of  water  into  a  thin  glass  flask,  which  he 
sealed  hermetically,  and  then  weighed  with  the  most  scru- 
pulous exactness,  in  a  balance,  which,  when  loaded  witli 
from  18  to  20  ounces,  vibrated  with  the  tenth  of  a  grain. 
The  water  was  frozen,  and  the  vessel,  on  behig  dried  and 
again  weighed,  was  found  to  be  exactly  the  same  ;  nor 
was  any  difference  discoverable  whether  it  was  weighed 
with  the  included  matter  in  the  state  of  water,  or  in  the 
state  of  ice  f . 

Lastly,  the  experiment  has  been  made  with  every  pre- 
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caution  by  Count  Rumford.  He  chose  two  Florence 
flasks  perfectly  alike,  ancl  putting  into  one  a  quantity  of 
distilled  water,  amounting  to  4107.86  grains,  he  also  put 
into  the  other  the  same  weight  of  weak  spirit  of  wine, 
sealing  both  the  bottles  hermetically,  and  wiping  them 
perfectly  clean  and  dry.  They  were  suspended  from  the 
arms  of  a  very  sensible  balance,  and  brought  into  exact 
equilibrium.  They  were  then  exposed  to  an  atmosphere 
of  the  temperature  of  29°  of  Fahrenheit  for  4-8  hours. 
On  being  examined  at  the  end  of  that  time,  the  water  in 
■the  flask  was  converted  into  ice,  and  the  arm  of  the  ba- 
lance to  which  it  was  attached  preponderated.  The  in- 
-crease  of  weight  which  the  water  appeared  to  have  gain- 
ed by  its  freezing,  was  found  by  what  was  necessary  to 
-restore  the  equilibrium,  to  amount  to  ysyo-^  of  its  whole 
weight  at  the  beginning  of  the  experiment. 

The  result  appeared,  therefore,  to  correspond,  with  the 
experiment  of  Fordyce.  Count  Rumford,  however,  by 
Varying  the  experiment,  found  reason  to  conclude  that  he 
'had  been  deceived.  In  two  bottles,  as  nearly  alike  as* 
.possible,  he  put  equal  weights  of  water  and  quicksilver, 
•and  suspending  them  to  the  arms  of  the  balance,  he  al- 
-lo wed  them  to  acquire  the  temperature  of  the  air  of  the 
Toom,  61°,  and  brought  them  into  perfect  equilibrium  5 
<hey  were  then  exposed  for  24  hours -to  an  atmosphere  at 
S4°,  but  without  either  of  them  acquiring  or  losing 
weight.  Yet,  from  the  respective  capacities  of  water  and 
•quicksilver,  it  is  certain,  that  in  that  reduction  of  tem- 
perature, the  former  must  have  given  out  much  more  ca- 
loric than  the  others  the  difference,  however,  produced 
no  difference  in  weight.  Had  a  difference  existed,  amount- 
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iiig  even  to  the  one  millionth  part  of  the  weight  of  either 
of  the  fluids,  such  was  the  delicacy  of  the  balance,  that  it 
would  have  been  discovered.  He  also  repeated  the  first 
experiment  with  every  possible  precaution,  exposing  the 
equal  bottles,  with  water  and  spirit,  small  thermometers 
being  included,  to  a  cold  atmosphere  for  48  hours.  At 
the  end  of  that  time  the  included  thermometers,  as  well 
as  one  suspended  in  the  air  of  the  room,  indicated  the 
temperature  to  be  29®,  and  the  two  bottles  were  in  the 
most  perfect  equilibrium.  He  adds,  that  he  afterwards 
jrepeated  the  experiment  several  times,  and  in  no  instance 
did  the  water  on  congealing  appear  either  to  gain  or  lose 
weight.  But  if  the  bottles  were  weighed  when  they  were 
not  precisely  of  the  same  temperature,  they  would  fre- 
quently appear  to  have  gained  or  lost,  either,  as  he  sup- 
posed, from  the  vertical  currents  which  they  caused  in  the 
atmosphere  on  being  heated  or  cooled  in  it,  or  from  un- 
equal quantities  of  moisture  condensed  from  the  atmo- 
sphere on  their  surface,  or  from  these  causes  conjoined  *. 

From  the  whole  of  the  experiments  that  have  been 
made  with  accuracy  on  this  subject,  it  may  be  concluded, 
that  if  caloric  be  possessed  of  weight,  it  exists  at  least  in 
such  a  state  of  rarity  that  its  gravity  cannot  be  ascertain- 
ed by  experiment.  It  is  obvious,  that  this  does  not  afford 
anypresumption  against  its  existence  as  a  material  prin- 
ciple ;  and  when  its  extreme  subtihy,  demonstrated  by 
the  facility  with  which  it  penetrates  all  bodies,  is  consi- 
dered, we  can  scarcely  expect,  a  priori,  that,  by  any  of 
cur  instruments,  it  should  be  discovered  to  have  weight. 

*  Philosophical  Transactions,  1799,  p,  179, 
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In  reviewing  the  arguments  In  favour  of  the  materiali- 
ty of  caloric,  it  will  probably  be  found,  that  the  only  con- 
clusive one,  is  that  derived  from  its  radiation,  and  its  ex- 
istence in  the  radiant  state  in  the  solar  beam.  Its  radia- 
tion, if  we  admit  not  of  its  materiality,  can  be  explained 
only  by  some  such  hypothesis  as  that  proposed  by  Mr 
Leslie,  the  difficulties  of  which  have  been  already  pointed 
out.  Its  existence  in  the  solar  rays  affords  an  argument  , 
still  less  equivocal ;  and  if  the  experiments  of  Herschel 
ind  Englefield  be  considered  as  correct,  we  can  scarcely 
!  fuse  to  admit  the  materiality  of  this  power.  There  is 
^ull,  however,  it  must  be  acknowledged,  some  degree  of 
obscurity  and  doubt  attached  to  this  question.  Those  who 
have  denied  the  materiality  of  caloric,  have  embarrassed 
themselves  with  the  hypothesis  of  Bacon,  that  the  heated 
^tate  of  bodies  arises  from  vibration  of  their  particles,— 
in  hypothesis  liable  to  difficulties,  and  which  affords  no 
very  adequate  explanation  of  the  phenomena.  But  the 
jubject  need  not  be  considered  under  this  limited  view. 
Caloric,  if  we  do  not  admit  its  materiality,  may  be  regard- 
ed as  a  general  force,  producing  repulsion  ;  and  were  it 
not  for  the  facts  I  have  stated  with  regard  to  its  radiation, 
this  view  would  perhaps  be  that  most  conformable  to  our 
present  knowledge  of  the  phenomena.  And  when  we 
consider  the  intimate  connection  of  this  power  with  light, 
the  connection  of  both  with  electricity,  and  the  obscurity 
which  exists  with  regard  to  the  nature  of  all  these  agents, 
we  shall  scarcely  venture  perhaps  to  adopt  a  decided  opi- 
nion ;  nor  can  we  regard  any  theory  which  can  at  present 
be  advanced  as  perfectly  satisfactory. 
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SECT.  VIII. — Of  the  sources  of  Varialinns  of  Tempcralure; 
^  and  the  afplkation  oj  these  to  Practical  Chaimtry. 

V  The  consideration  of  the  subjects  announced  in  the 
title  of  this  section  will  conclude  the  Chemical  History  of 
Caloric. 

As  the  tendency  of  this  power  is  to  diffuse  itself  over 
bodies  until  an.  equilibrium  of  temperature  is  established, 
such  an  equilibrium  would  be  attained,  were  there  no  fo- 
reign causes  to  counteract  it,  and  the  temperature  of  the 
globe  would  at  length  settle  at  that  point  which  would  be 
the  medium  between  the  temperatures  of  the  substances 
of  which  it  is  composed,  or  rather  the  temperature  would 
have  been  always  uniform,  and  proportioned  to  the  quan- 
tity of  caloric  assigned  to  the  earth. 

Such  an  uniform  temperature  would,  however,  be  alto-  • 
gether  incompatible  with  the  economy  of  nature ;  it  is  . 
therefore  obviated  by  the  constant  operation  of  various  * 
causes  ;  and  no  where  do  we  trace  more  perfect  arrange-  • 
ment  than  in  that  by  which  a  certain  range  of  tempera-  ■ 
ture  is  established,  in  which  the  succession  of  changes  is  • 
adapted  to  those  operations  that  require  it ;  while  ex-  • 
tremes,  either  of  heat  or  cold,  are  constantly  counteract-  • 
ed,  and  are  at  least  prevented  from  spreading  over  the 
globe. 

The  great  source  of  natural  heat  is  the  solar  rays.  • 
These  pass  through  the  atmosphere  without  producing 
much  augmentation  of  temperature;  but  when  arrested 
by  opaque  bodies,  the  radiant  caloric  which  is  intermix-  - 
ed  with  the  visible  light  is  retained,  and  heat  produced. 
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As  every  part  of  the  earth's  surface  is  not  equally  and  at 
all  times  to  the  same  extent  exposed  to  the  action  of  the 
solar  rays,  Inequality  of  temperature  giving  rise  to  variety 
of  climate,  and  change  of  season  is  established.  The  ex- 
treme of  temperature,  however,  which  might  prevail,  and 
accumulate  in  those  parts  of  the  globe  most  exposed  to 
this  source  of  heat,  is  counteracted  by  other  causes  con- 
stantly operating,  and  capable  of  preserving  it  within  cer- 
tain limits.  The  principal  of  these  are  the  rarefaction  of 
the  atmosphere  and  the  evaporation  of  water.  When  the 
earth  is  much  heated,  the  air  immediately  incumbent  on 
it  receiving  caloric  is  expanded,  becomes  specifically  light- 
er, and  ascending  through  the  atmosphere,  its  place  is 
supplied  by  new  portions  of  air  from  each  side,  which  in 
their  turn  are  heated,  expanded,  and  rise.  An  ascending 
current  is  thus  established,  by  which  the  accumulation  of 
heat  is  prevented  where  it  is  already  abundant,  while  the 
warmer  air  must,  by  the  constant  succession,  be  propel- 
led to  colder  climates,  and  in  its  course  will  gradually 
part  with  the  caloric  it  had  received. 

At  the  same  time,  when  heat  accumulates,  the  evapo- 
ration of  water  becomes  more  copious  ;  in  passing  into 
vapour  it  absorbs  much  caloric  without  increasing  in  tem- 
perature ;  this  vapour  ascends  in  the  atmosphere  j  when 
the  heat  diminishes,  or  when  wafted  to  colder  regions,  it 
is  condensed,  and  gives  out  the  caloric  it  had  formerly  ab- 
sorbed. In  seasons  or  situations  where  the  cold  becomes 
still  more  intense,  it  is  congealed ;  and  in  suffering  this 
change  it  still  evolves  caloric,  to  moderate  the  progressive 
reduction  of  temperature.  When  warmth  is  restored,  it 
returns  to  the  fluid  state,  again  absorbs  caloric^  and  thus 
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softens  the  transition  of  seasons.  Sudden  and  extreme 
variations  are  effectually  guarded  against,  and  the  temper- 
ature of  the  globe  every  where  preserved  more  uniform. 
These  important  operations  are  all  dependent  on  change 
of  capacity  from  chemical  action,  or  change  of  form. 

The  range  of  natural  temperature  is  comparatively  mo-. 
derate.  The  medium  heat  of  the  globe,  and  which  at  a 
certain  depth,  that  of  1000  feet  from  the  surface,  is  in 
every  country  found  to  be  the  same,  js  about  50°  of  Fah- 
renheit. The  average  annual  heat  in  the  torrid  zone  is 
from  75**  to  80",  in  moderate  climates  50°.  or  52'',  and 
towards  the  polar  regions  36°.  The  extremes  over  the 
whole  globe  extend  from  a  few  degrees  above  100°  of 
Fahrenheit  to  50°  below  the  zero  or  commencement  of 
the  same  scale.  In  tropical  climates  the  heat  in  the 
shade  occasionally  rises  to  lOS''  or  even  110".  The  lat- 
ter temperature  has  been  observed  at  Pekin  in  China. 
At  Senegal  the  air  in  the  shade  is  mostly  heated  to  94''', 
and  near  thait  place  is  frequently  at  111*'  by  day.  At 
Pondicherry,  it  is  said  to  have  been  at  113®  or  115"*. 
With  regard  to  cold,  in  northern  climates — Siberia  and 
Hudson's  Bay,  the  temperature  is  every  year  so  low  as  to 
freeze  quicksilver.  At  Hudson's  Bay,  the  spirit  thermo- 
meter was  observed  in  the  open  air  to  stand  at  — 50"  t> 
and  there  is  no  reason  to  believe  that  any  natural  cold  yet 
observed  much  exceeds  this.  At  one  time,  indeed,  it 
was  supposed,  that  much  more  intense  colds  prevailed, 


*  Kirwan  on  the  Temperature  of  different  latitudes,  p.  ^< 
9i).  101. 

f  Philosophical  Transactions,  vol.  kxvi.  p.  271- 
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the  mercurial  thermometer  having  been  observed  to  sink 
SOO  or  400  degrees  below  the  freezing  point  of  water  ; 
in  one  case  observed  by  Mr  Hutchins,  even  to  4-90  *. 
But  it  has  been  already  remarked)  that  in  this  there  is  a 
deception,  from  the  very  great  contraction  which  quick- 
silver experiences  in  becoming  solid,  and  which  of  course 
causes  these  descents  in  the  thermometrical  tube.  And 
when,  at  the  same  time,  and  exposed  to  the  same  afmos*- 
phere,  observations  were  made  with  a  spirit  thermometer, 
the  descent  was  hot  ^greater  than  what  corresponded  to 
*--4'6°.  The  cold  of  America  even  exceeds  that  which 
prevails  under  the  same  latitudes  in  Europe  ;  we  have, 
therefore,  no  reason  to  believe,  that  in  the  old  world 
more  intense  natural  colds  occur  than  in  the  new,  and 
from  the  descriptions  given  of  their  effects,  they  appear 
as  severe  in  North  America  as  in  the  north  of  Europe  or 
Asia. 

The  range  of  temperature,  as  produced  by  artificial  ar^ 
rangement,  is  much  greater.  Our  power  of  producing 
cold  is  not  yet  indeed  great,  compared  with  that  of  ex- 
citing heat.  The  cold  we  obtain  by  freezing  mixtures 
does  not  much  exceed  100  degrees  below  the  freezing 
point  of  water.  Fourcroy  and  Vauquelin,  by  a  mixture 
of  snow  and  muriate  of  lime,  previously  cooled,  effected 
a  reduction  of  temperature  to — 65°  of  Fahrenheit,  when 
the  temperature  of  the  atmosphere  was  not  much  below- 
freezing.  Mr  Macnab,  from  a  mixture  of  snow  with 
diluted  sulphuric  acid  obtained  a  cold  equal  to  78^°  of 


*  Philosophical  Transactions,  vol.  Ixxiii.  p.  3S6. 
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Fahrenheit  *  .  And  Mr  Walker,  by  successive  cooling  of 
the  materials,  obtfained  from  diluted  sulphuric  acid  and 
snow,  a  reduction  to — 91°,  or  123"  below  the  freezing 
point  of  water,  the  greatest  degree  of  cold  yet  known  f. 

The  highest  heat  that  has  yet  been  measured  is  equal 
to  about  160^  of  Wedgwood's,  or  2 1,877''  of  Fahrenheit's 
scale.  This  was  the  temperature  of  a  small  air-furnace 
belonging  to  Mr  Wedgwood,  and  is  superior  to  that 
which  is  necessary  to  fuse  cast  iron,  or  to  bake  porcelain, 
The 'heat  in  the  focus  of  a  powerful  lens  or  speculum 
from  the  concentration  of  the  solar  rays,  judging  from  the 
effects  it  produces,  is  still  more  intense,  as  is  also  that  ex^ 
cited  by  a  stream  of  oxygen  gas  directed  on  burning  char- 
coal ;  but  of  these  we  have  no  exact  measurement. 

Were  the  chemist  restricted  to  those  variations  of  tenii. 
perature  which  occur  in  nature,  he  would  be  little  more 
than  an  observer  of  her  operations,  since  these  are  too 
trivial  to  have  much  influence  on  the  operations  of  art. 
It  is  in  our  pouter,  however,  to  produce  more  intense  de- 
grees, both  of  heat  and  cold  ;  and  in  the  remaining  part 
of  this  section  I  have  to  state  the  means  by  which  these 
are  accomplished,,  and  the  various  contrivances  by  which 
these  are  applied  and  regulated.  This  will  include  a 
description  of  several  of  the  most  important  operations 
-and  instruments  of  Practical  Chemistry. 


*  Philosophical  Transactions,  vol.  Ixxvi.  p.  266. 
t  Ibid,  for  1801. 
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The  sources  of  heat  which  are  under  the  control  of 
art,  and  which,  by  peculiar  arrangements,  may  be  in- 
creased and  applied,  are  the  Solar  Rays,  Electricity  and 
Galvanism,  Condensation,  Mechanical  action  between 
solids,  including  Friction  and  Percussion,  and  Chemical 
action,  to  which  head  Cornbustion  belongs. 

The  Solar  Rays  are  powerful  in  producing  heat.  In 
the  open  air,  a  thermometer  is  raised,  by  free  exposure  to 
them,  to  above  100''  ;  and  when  inclosed,  so  as  to  pre- 
vent the  effect  of  a  current  of  air,  it  may  be  raised  much 
liigher.  In  some  experiments  of  this  kind  by  Saussure, 
the  thermometer,  by  the  action  of  the  solar  light,  was 
raised  to  201''  *,  the  temperature  of  the  external  atmos- 
phere being  75^.  And  Professor  Robison,  in  repeating 
tiiese  with  a  similar  arrangement,  obtained  a  rise  of  230°, 
and  even  237^  of  Fahrenheit's  scale  *. 

When  the  solar  rays  are  concentrated  by  a  lens,  or  by 
a  concave  mirror,  heat  is  excited  to  a  degree  of  intensity 
nearly  equal  to  what  can  be  produced  by  any  other  ar- 
rangement. By  very  large  burning  glasses,  such  a  heat 
is  excited  in  the  focus,  as  is  sufficient  to  melt  the  greater 
number  of  the  metals  and  the  earths,  and  to  dissipate 
many  other  substances  in  vapour.  It  appears  from  the 
experiments  of  Macquer,  that  a  greater  heat  may  be  ex- 
cited by  a  concave  mirror  than  by  a  lens ;  but  the  former 
is  inconvenient,  and  indeed  scarcely  practicable  in  its  ap- 
plication, from  the  rays  being  reflected  upwards,  and  it 


*  Black's  Lectures,  vol.  i,  p.  516. 
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being  necessary,  therefore,  to  suspend  the  body  designed 
to  be  acted  on  in  ihe  air.  The  use  of  either,  indeed,  is 
very  limited  ;  for  the  heat,  though  powerful,  is  excited 
only  on  a  small  point ;  hence  it  can  be  applied  to  scarce- 
ly any  other  purpose,  than  to  discover  the  changes  which 
bodies  suffer  from  intense  heat.  A  number  of  experi.. 
ments  of  this  kind  have  accordingly  been  made,  and  are 
recorded  in  the  Memoirs  of  the  Academy  of  Sciences. 
Count  Rumford  has  shewn,  that  the  intense  heat  obtain- 
ed in  the  focus  of  a  lens,  arises  entirely  from  the  concen- 
tration or  condensation  of  the  rays  of  light,  in  other  words, 
from  the  number  of  ■  them  brought  to  act  on  one  point, 
and  not,  as  some  natural  philosophers  had  supposed,  from 
their  power  being  augmented  by  a  change  in  the  direction 
of  their  motion  ;  the  same  quantity  of  solar  light,  direct- 
ed on  the  blackened  surface  of  a  metallic  vessel  contain- 
ing water,  producing  in  it  the  same  total  rise  of  tempera- 
ture, whether  the  rays  were  parallel,  or  were  made  to 
converge  by  a  lens. 

The  Electric  Discharge  is  capable  of  producing  a  very 
sudden  and  great  heat.  If,  from  a  powerful  battery,  antl 
transmitted  through  metallic  wires  of  small  diameter,  they 
are  instantly  fused,  even  though  of  those  metals  which 
suffer  this  change  with  the  greatest  difficulty.  From 
this  property,  the  electric  discharge,  as  I  shall  afterwards 
have  to  remark,  is  applied  to  effect  the  combinations  of 
those  gases,  which  do  not  unite  at  a  low  temperature. 

The  Galvanic  Discharge  is  likewise  very  powerful  in 
exciting  heat.  On  establishing  a  communication  between 
the  two  extremities  of  the  arrangement  producing  galva- 
nism, a  high  temperature  is  excited  at  the  point  where 
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the  communication  is  momentarily  completed  and  inter- 
rupted ;  and  in  this  way  every  combustible  body  may  be 
made  to  burn,  and  many  incombustible  substances  are 
fused.  Or  if  a  very  fine  metallic  wire,  as  iron-wire,  form 
part  of  the  circuit  of  a  powerful  galvanic  arrangement,  it 
will  be  melted  by  the  heat  which  the  galvanic  energy  ex- 
cites in  its  passage. 

The  production  of  heat  from  Condensation,  is  most 
clearly  exemplified,  in  substances  which  are  highly  com- 
pressible and  elastic,  consequently  in  airiform  fluids.  It 
has  been  long  known,  that  by  condensing  a  gas  by  me- 
chanical pressure,  its  temperature  is  raised  ;  that  in  allow- 
ing it  to  expand  again,  its  temperature  falls ;  and  that  by 
rarefying  it  still  farther,  a  degree  of  cold  is  produced.  I 
have  already  alluded  to  these  facts,  as  illustrative  of  the 
cause  of  the  capacities  of  bodies  for  caloric.  I  have  now 
to  state  them  rather  more  in  detail. 

The  changes  of  temperature,  from  rarefaction  and  con- 
densation of  aeriform  fluids,  as  they  are  indicated  by  a 
thermometer  suspended  in  the  air,  do  not  appear  very  con- 
siderable, amounting  only  to  a  few  degrees  of  Fahren- 
heit. The  rise  and  fall  of  the  thermometer,  however,  are 
very  sudden,  and  this  led  Mr  Dalton  to  suspect,  that  the 
real  change  in  the  temperature  of  the  air  is  much  greater 
than  it  appears  to  be  from  the  indication  by  the  thermo- 
meter ;  but  that  the  inequality  exists  only  for  a  few  se- 
conds of  time,  owing  to  the  containing  vessel  having  a 
surface  so  much  more  extensive  than  the  thermometer, 
that  it  speedily  checks  the  change  of  temperature,  by  ab- 
stracting, or  by  yielding  caloric.  The  quantity  of  mat- 
ter, too,  in  the  bulb  of  the  thermometer,  being  "so  much 
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greater  than  that  in  the  rarefied  air,  notwithstanding  the 
difference  of  their  capacities,  more  effect  is  produce<i  in 
the  temperature  of  the  latter,  by  the  evolution  or  absorp- 
tion of  caloric,  than  in  the  temperature  of  the  former  by 
<he  communication  or  abstraction  of  the  caloric  thus  e- 
volved  or  absorbed.  Thus  the  phenomena  agree  with  the 
supposition  qf  great  heat  or  cold  being  produced  by  the 
condensation  or  rarefaction,  but  existing  only  for  a  very 
short  rtime  *.  What  also  proves  it,  is  the  observation  of 
Lambert,  that,  in  rarefying  air,  the  cold  is  greater  the 
more  quickly  the  rarefaction  is  performed. 

This  view  accords  well,  too,  with  a  fact  since  establish- 
ed, that,  by  a  very  sudden  and  great  condensation,  a 
very  high  temperature,  equal  even  to  ignition,  may  be 
produced.  It  had  been  known  for  some  time,  that  a  lu- 
minous appearance  is  sometimes  produced  by'  the  dis- 
charge of  an  air-gun  in  the  dark  f .  The  experiment  was 
repeated  before  the  French  National  Institute.  From  the 
air  rapidly  compressed  in  the  ball  of  an  air-gun,  so  much 
heat  was  disengaged  from  the  first  stroke  of  the  piston, 
as  to  set  fire  to  a  piece  of  fungus  match  placed  within  the 
pump.  And  if  the  body  of  the  pump  be  terminated  by 
a  moveable  end,  formed  of  a  piece  of  steel,  with  a  glass 
lens  in  its  centre,  at  the  stroke  of  the  piston,  a  ray  of 
vivid  light  is  seen  in  the  inside,  which  is  suddenly  dis- 
engaged %.  Blot  afterwards  succeeded  in  causing  the 
union  of  oxygen  and  hydrogen  gases,  and  the  consequent 


»  Manchester  Memoirs,  vol.  v.  p.  515. 
f  Nicholson's  Journal,  vol.  iv.  p.  2S0. 
X  Ibid.  vol.  ix.  p.  302. 
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formation  of  water,  by  compreasing  rapidly  a  mixture  of 
them  in  the  syringe  of  the  air-gun.  The  experiment  is 
a  very  hazardous  one,  as,  in  two  out  of  three  times  that 
it  was  repeated,  the  barrel  was  burst  by  the  explosion  *• 
From  the  experiment  itself,  it  might  be  doubted,  whe> 
ther  the  compression  first  caused  the  combination  of  the 
gases,  by  the  approximation  of  their  particles,  and  that 
then  the  heat  was  evolved  as  the  consequence  of  this,  or 
whether  it  merely  produced  such  a  heat  as  caused  the 
combination  :  it  is  probable  however,  from  the  preceding 
experiment,  that  the  latter  is  the  case. 

That  species  of  mechanical  action  which  excites  strong 
vibration. in  the  particles  of  solid  bodies,  as  Friction  and 
Percussion,  is  productive  of  increased  temperature.  Of 
heat  froih  friction  we  have  many  familiar  examples. 
Two  pieces  of  hard  wood  rubbed  against  each  other,  arc 
so  much  heated  as  to  be  kindled  ;  and  among  savage  na- 
tions, this  method  is  often  had  recourse  to,  to  procure 
fire.  The  friction  on  the  axle  of  a  loaded  carriage,  is 
sometimes  such  as  to  cause  it  to  take  fire,  as  is  that  from" 
a  rope  made  to  revolve  rapidly  round  a  solid  body.  The 
intensity  of  the  heat  from  friction  depends  net  only  on 
the  force  of  the  friction,  but  also  on  the  state  of  the 
bodies  subjected  to  it,  with  regard  to  hardness,  elasticity, 
and  other  qualities.  Scarcely  any  accurate  experiments 
have  been  made  on  this  subject.  It  is  known,  however, 
that  the  hardest  substances  do  not  afford  the  greatest 
heat.  A  table  is  given  in  Nichilson's  Journal,  (vol.  viii. 
p.  218.),  of  a  series  of  experiments  on  the  heat  produced 

*  Nicholson's  Journal,  vol.  xi.  p.  303. 
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by  rubbing  different  kinds  of  wood  against  each  other ; 
whence  it  appears,  that  the  heat  produced  is  not  either 
directly  or  inversely  as  the  hardness.  One  singular  fact 
is  added,  that  the  heat  is  greater  when  the  pieces  subject- 
ed to  friction  are  rubbed  in  the  direction  of  the  grain 
of  the  wood,  than  when  the  grains  of  the  wood  cross 
each  other. 

The  heat  from  percussion  is  no  doubt  produced  in  the 
same  manner  as  that  from  friction.  It  is  easily  carried 
to  the  same  extent.  By  hammering  an  iron-rod  on  the 
anvil,  it  is  raised  to  a  red  heat ;  and  the  sparks  struck 
from  steel  by  a  flint,  consist  of  particles  of  steel  raised  to 
a  high  temperature  by  the  percussion,  and  rising  to  a  state 
of  ignition  by  suffering  combustion  in  passing  through 
the  atmosphere.  Hence,  in  making  the  experiment  in 
vacuo,  the  particles  struck  off  are  not  luminous,  though 
their  temperature  is  probably  not  far  distant  from  a  red 
heat.  Such  a  temperature  can  be  produced  from  mecha- 
nical action  alone,  as  we  find  it  to  happen  in  incombus- 
tible matter.  Putting  aside  the  examples  from  phosphor- 
escent bodies,  which  are  undoubtedly  fallacious,  this  is 
proved  by  a  very  decisive  experiment  made  by  Mr  T. 
Wedgwood,  that  of  bringing  a  piece  of  window- glass 
in  contact  with  a  revolving  wheel  of  grit,  when  it  be- 
came red-hot  at  its  point  of  friction,  and  gave  off  lu- 
minous particles,  which  were  capable  of  inflaming  gun- 
powder *. 

I  have  already  stated  the  difficulty  with  regard  to  the 
explanation  of  the  augmentation  of  temperature  from 


*  Philosophical  Transactions  for  1792,  p.  4.5. 
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these  causes,  and  the  light  in  which  it  is  to  be  regarded, 
as  connected  with  the  theory  of  caloric.  The  heat  pro- 
duced, it  can  scarcely  be  doubted,  is  chiefly  to  be  ascri- 
bed to  a  momentary  diminution  of  capacity,  from  the  ap- 
proximation of  the  particles  of  the  body  under  friction 
or  percussion.  It  is  possible,  that  the  excitation  of  elec- 
tricity, which  will  accompany  the  friction,  may  likewise 
have  some  share  in  its  production. 

Chemical  action  is  an  abundant  source  of  variation  of 
temperature  j  the  temperature  being  sometimes  elevated, 
sometimes  reduced.  The  theory  of  both  changes  has  al- 
ready been  explained  :  More  immediately  they  may  be 
ascribed,  according  to  the  view  which  Berthollet  has  ta- 
ken of  the  subject,  and  which  has  been  stated  under  the 
Chapter  on  Affinity,  to  the  condensation  which  accom- 
panies chemical  action,  modified  by  the  change  of  form 
which  so  frequently  takes  place  also  at  the  same  time  : 
Or,  ultimately,  they  depend,  according  to  the  theory  of 
Irvine,  on  the  change  of  capacity  which  follows  combi- 
nation, heat  being  produced  when  the  capacity  of  the 
product  of  the  combination  is  inferior  to  the  mean  of 
the  capacities  of  the  substances  combined,  and  cold  in 
the  opposite  case  where  it  is  superior  to  that  mean. 

Of  the  varieties  of  chemical  action  productive  of  heat, 
and  indeed  of  all  the  sources  of  increased  temperature, 
combustion  is  the  most  important,  both  for  common  pur- 
poses, and  in  the  operations  of  chemistry.  To  explain 
in  a  general  manner  the  principles  on  which  combustion 
is  most  efFeclually  excited  and  applied,  it  is  necessary  to 
observe,  that  it  is  dependent  on  one  of  the  constituent 
prmciples  of  the  atmosphere, — oxygen  gas.    At  tempe- 
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peratures  wliich  in  the  greater  number  of  cases  require 
to  be  considerably  elevated,  this  principle  combines  witli 
those  bodies  which  we  name  combustible  or  inflamma- 
ble ;  the  combination  is  attended  with  the  production  of 
heat,  and  in  general  with  the  evolution  of  light,  and  it 
is  this  process  which  constitutes  combustion  or  burning. 

We  can  therefore  at  once  perceive  how  much  com- 
bustion must  be  dependent  on  a  due  supply  of  atmo- 
spheric air  to  the  combustible  body  ;  apd  accordingly  it  is 
more  rapid  the  more  freely  the  air  is  applied.  On  this 
is  founded  tl\e  construction  of  Furnaces,  which,  under 
various  forms,  are  employed  in  niany  of  the  processes  of 
chemistry  as  well  as  in  the  chemical  arts,  to  excite  and 
apply  heat. 

The  essential  parts  common  to  every  furnace,  are  the 
body  or  fire-place,  in  which  the  fuel  and  the  vessel  con- 
taining the  materials  to  be  operated  on  are  placed  ;  the 
chimney,  by  which  the  smoke  and  heated  air  escape,  and 
the  ash  pit, .  into  which  the  ashes  fall,  and  by  apertures 
in  which  air  is  admitted  to  the  burning  fuel. 

The  principles  on  which  the  production  of  heat  in  fur- 
naces depends,  are,  that  inflammable  matter  cannot  burn 
without  the  access  of  air,  an^d  that  the  rapidity  of  the 
combustion,  and  consequently  the  quantity  of  heat  pro- 
duced in  a  given  time,  are  proportioned  to  the  quantity 
of  air  transmitted  over  the  burning  matter.  When  fuel 
is  placed  in  a  closed  cavity,  like  that  of  a  furnace,  con- 
nected with  a  chimney,  and  kindled,  the  air  in  the  upper 
part  of  the  furnace  is  rarefied,  and  ascends  by  the  chim- 
ney ;  the  pressure  of  the  external  atmosphere  forces  a 
quantity  of  fresh  air  through  the  openings  below,  which, 
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rising  through  the  mass  of  fuel,  occasions  a  strong  com- 
bustion. 

In  furnaces,  therefore,  the  strength  of  the  combustion 
depends  on  two  circumstances, — the  access  of  atmosphe- 
ric air  from  below,  and  the  due  height  and  width  of  the 
tube  containing  the  column  of  heated  air.  Tlie  first  is 
regulated  by  registers,  consisting  either  of  a  number  of 
apertures,  fitted  with  brass  stoppers,  or  what  is  more  con- 
venient, a  moveable  semicircular  plate,  adapted  to  one  a- 
perture  of  sufficient  size.  Tiie  second  principally  con- 
tributes to  the  rapidity  of  the  combustion.  When  the 
tube  or  chimney  is  lengthened,  the  difference  between  the 
specific  gravity  of  the  column  of  heated  air  which  it  con- 
tains, and  that  of  the  column  of  external  air  being  great- 
er, a  larger  quantity  of  fresh  air  is  cbnstantly  forced 
through  the  fuel,  and  a  strong  draught,  as  it  is  termed, 
is  formed.  This  is  proportional  to  the  height  of-  the 
chimney,  at  least  to  a  certain  extent ;  for,  beyond  a  cer- 
tain height,  the  temperature  of  the  air  being  reduced,  the 
difference  in  specific  gravity  becomes  less,  and  no  advan- 
tage is  gained.  The  same  advantage  is  obtained,  by  cau- 
sing the  air  which  passes  into  the  furnace  to  pass  through 
a  long  tube,  disposed  horizontally,  and  connected  with 
the  ash-pit,  which  in  this  case  is  rendered  as  much  air- 
tight as  possible  ;  as  thus  a  still  greater  difference  is  esta- 
blished between  the  external  and  internal  columns  of  air 
in  weight.  The  narrowing  the  chimney  has  to  a  certain 
extent  a  similar  effect,  though,  if  it  be  rendered  too  nar- 
row to  admit  of  the  free  exicof  the  air,  and  of  any  smoke 
of  the  fuel,  the  rapid  circulation  will  be  impeded.  Not- 
withstanding the  importance  of  these  circumstances  in 
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the  construction  of  furnaces,  the  clue  proportions  of  height 
and  width  of  the  chimney  to  the  diameter  of  the  cavity 
of  the  furnace,  have  not  been  very  well  ascertained,  Mac- 
qucr,  from  some  trials,  states  that  the  diameter  of  the 
chimney  ought  to  be  to  that  of  the  furnace  as  2- to  3  near- 
ly i  and  that  when  the  internal  diameter  of  the  furnace 
is  12  or  15  inches,  if  the  diameter  of  the  chimney  be  8 
or  9,  and  its  height  18  or  20  feet,  a  very  intense  heat  is 
excited. 

In  the  construction  of  furnaces,  another  important  ob- 
ject is  the  confining  the  heat  or  preventing  its  dissipation. 
This  is  accomplished  by  coating  the  internal  surface  with 
some  substance  which  transmits  the  heat  slowly,  as  a  lute 
of  clay  and  sand,  which  likewise  serves  to  defend  the  sub- 
stance of  which  the  furnace  is  made,  from  the  action  of 
the  fire.  This  is  necessary  at  least  when  the  furnace  is 
a  moveable  one,  constructed  of  metallic  plates.  When 
fixed,  and  built  of  brick,  the  building  is  a  sufficiently  im- 
perfect conductor  to  confine  the  heat. 

A  very  convenient  general  furnace,  applicable  to  most 
of  the  operations,  of  chemistry,  was  contrived  by  Dr  Black. 
It  is  represented  Plate  VII.  Fig.  52.  A  is  the  body  of 
the  furnace,  of  an  elliptical  form,  which  contains  the 
fuel,  and  frequently  the  substance  which  is  to  be  operated 
on,  made  of  plate-iron,  and  lined  to  the  thickness  of  2  or 
S  inches,  first  with  a  mixture  of  clay  and  charcoal,  beat 
into  a  paste  with  water,  and  over  this,  next  to  the  fuel, 
with  a  coating  of  c4ay  and  sand,  the  coating  being  thicker 
towards  the  bottom,  so  as  to  diminish  the  cavity,  and  ren- 
der it  slanting  downwards  from  the  chimney.  On  the 
top  of  the  body  is  fixed  an  iron-plate,  haVing  two  apor- 
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tpres,  one,  a,  placed  over  the  cavity,  and  designed  to  re- 
ceive an  iron  pot  with  sand,  when  evaporation,  distilla- 
tion, or  any  similar  process  is  performed ;  the  other  small- 
er, to  wlucb  the  chimney,  B,  made  of  a  tube  of  iron,  is 
fixed.    C  represents  the  grate,  in  a  plate  of  iron  which  is 
(fixed  to  the  bottom  of  the  ^body  of  the  furnace,  nearly, 
tut  not  exactly  opposite  to  the  larger  aperture  in  the  up- 
per plate.  D  is  the  ash-pit,  the  body  of  the  furnace  being 
closely  received  into  it,  and  resting  on  a  strong  ring  which 
runs  round  the  cavity,  at  about  half  an  inch  deep.  In 
this  ash-pit  is  a  door,  by  turning  on  hinges,  to  remove  the 
ashes  ;  and  a  register,  f,  designed  to  regulate  the  admis^ 
sion  of  air.    It  is  a  plate  of  iron,  in  which  are  six  aper- 
tures, filled  with  plugs;  the  size  of  thehi  increases  ia 
geometrical  ratio,  so  that  by  opening  them  singly,  or  in 
combination,  the  supply  of  air  to  pass  through  the  fuel, 
and  consequently  the  heat  to  be  excited  in  the  furnace, 
can  be  regulated  with  precision.    The  fuel  is  introduced 
at  the  top,  but  as  it  cannot  easily  be  supplied  this  way  in 
the  progress  of  the  process  going  on  in  the  furnace,  at 
least  when  the  sand-pot  is  used,  the  furnace  is  sometimes 
constructed  with  a  door  in  the  side,  though  this  renders 
the  regulation,  of  the  admission  of  air  less  perfect*  When 
the  furnace  is  used  for  fusion,  or  siinilar  purposes  where  a 
sand-pot  is  not  required,  the  upper  aperture  is  covered 
with  a  dome. 

Furnaces  applied  to  particular  purposes,  as  the  assay- 
furnace,  used  in  assaying  and  other  operations  on  the  me- 
tals, or  the  reverberatory  furnace,  in  which  by  a  dome  the 
flame  is  made  to  •  reverberate  on  the  substance  operated 
•n,  are  little  used  by  chemists.    It  i?  an  object  of  consi- 
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derable  importance,  however,  to  have  a  furnace  capable  oi 
exciting  a  very  intense  heat,  and  different  kinds  of  whatj , 
from  the  use  to  which  it  is  appUed,  is  named  a  mehing. 
furnace,  or,  from  the  strong  blast  of  air  wluch  is  forced  j 
through  it,  a  wind-furnace,  have  been  proposed- 

One  of  the  most  simple,  and  which  perhaps  is  equal  is  , 
power  to  any,  is  that  invented  by  Pott,  and  employed  bj 
him  in  his  numerous  experiments  on  the  fusibility  of 
earthy  mixtures,  Fig.  54.  The  body  of  it,  A,  is  of  strongj 
sheet-iron,  coated  with  crude  clay,  which  has  beenwroughtx 
into  a  paste  with  an  equal  portion  of  baked  clay,  and  ai 
sufficient  quantity  of  blood.    The  dome,  B,  is  likewise^ 
constructed  of  sheet-iron,  and  coated  in  the  same  manner.: 
A  small  aperture,  a,  is  in  the  front  of  it,  through  whicW 
fuel  is  introduced,  and  a  long  tube,  G,  is  connected  withii 
it  as  the  chimney.  It  is  obvious,  that  the  longer  this  tube* 
is,  the  current  of  air  passing  through  the  fuel  will  be  more« 
rapid,  and  therefore  the  combustion  will  be  more  vivid.l. 
It  can  easily  be  lengthened  by  connecting  another  tube,', 
D,  of  the  same  diameter  with  it,  and  a  similar  advantage* 
is  gained  by  bringing  a  tube,  disposed  horizontally,  into-^ 
the  ash-pit  ^, -through  which  the  air  is  admitted,  adapting 
it  accurately  to  the  aperture.    Goaked  coal  is  the  proper 
fuel,  and  it  requires  to  be  frequently  supplied.  ' 

Another  convenient  portable  melting-furnace,  is  that 
described  by  Schmeisser,  Fig.  53.    This  too  is  formed  of  . 
iron-plates,  coated  with  clay  and  sandj  the  cavity  being  ; 
about  12  inches  in  height,  and  6  inches  wide,  having  a 
dome  which  terminates  in  a  tubular  chimney,  about  '2  ^ 
inches  in  diameter.  Besides  being  adapted  to  excite  a  very 
intense  heat,  it  may  be  applied  to  various  purposes,  and 
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is,  therefore,  so  far  a  general  furnace.  For  cupellation, 
a  muffle  can  be  introduced  at  the  door,  a ;  for  distillation 
ill  the  naked  fire,  an  earthen  retort  may  be  placed  in  it, 
the  neck  ren  ting  on  the  aperture  b  beneath  the  dome ; 

c  are  apertures  in  the  sides  opposite  to  each  other, 
through  which  an  iron  or  earthen  tube  may  be  passed,  so 

!  as  to  be  kept  at  a  red  heat ;  d  is  an  aperture  to  which  the 

i  nozzle  of  a  double  bellows  may  be  adapted  to  excite  a 
violent  heat  when  it  is  required ;  e  is  the  ash-pit  door  ; 

/a  moveable  register,  by  which  the  admission  of  air-may 

.  i)e  regulated. 

In  operations  on  a  larger  scale,  a  fixed  furnace  built  of 
brick  is  required.  Fig.  55.  represents  a  convenient  fornl 
of  a  melting  furnace  of  this  kind,  the  structure  of  which 
is  obvious  from  the  figure.  A  is  the  cavity  of  the  fur- 
nace, terminating  by  a  passage  in  the  chimney  B,  which 
is  raised  to  the  requisite  height.  At  C  is  an  aperture  co- 
vered with  a  thick  plate  of  iron,  or  of  fire-brick,  through 
which  fuel  is  introduced.  On  the  grate,  D,  is  placed  a 
small  covered  crucible,  on  a  pedestal  of  baked  clay,  and 
in  the  passage  of  the  chimney,  at  a,  a  muffle  is  sometimes 
placed ;  E  is  the  ash-pit,  through  which  the  air  is  admit- 
ted to  the  fuel. 

Small  furnaces  which  may  be  placed  on  a  table,  and 
which  are  useful  for  experiments  on  a  limited  scale,  have 
Iso  been  constructed  of  the  large  black  lead  crucibles  or 
)Ots.  A  furnace  of  this  kind  was  described  by  Lewis, 
svhich  has  been  so  much  improved  by  Mr  Aikin,  as  to  be 
capable  of  producing  a  very  intense  heat*. 


*  Philosophical  Magazine,  vol.  xvii.  p.  146. 
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When  solid  substances  are  to  be  exposed  to  tliese  In. 
tense  heats  to  fuse  them,  or  to  favour  their  mutual  che- 
mical action,  crucibles  are  the  vessels  generally  employ, 
cd,  at  least  for  experimental  purposes.  The  •  ?  are  of  dif. 
ferent  materials,  according  to  the  purpose  for  which  they 
are  to  be  used.  The  Hessian  crucible,  as  it  is  named,  i' 
of  a  species  of  earthen-ware  or  baked  clay,  which  static  • 
the  most  intense  heat  without  fusing,  and  which  is  most 
generally  used  j  the  duly  disadvantage  attending  it  is,  that 
it  is  liable  to  be  cracked  by  very  sudden  alterations  of 
temperature.  The  black-lead  crucibles,  made  of  plumba- 
go and  clay  baked,  are  not  liable  to  this,  and  are,  there- 
fore, often  used,  especially  in  fusing  metals  ;  from  a  num- 
ber of  saline  substances,  however,  they  suffer  corrosion. 
Both  are  made  narrow  at  the  bottom,  that  the  fused  mat- 
ter may  be  collected  into  a  small  mass,  and  either  trian- 
gular, OT  if  round,  pinched  at  the  mouth,  that  the  melted 
matter  may  be  poured  out.  The  usual  forms  are  repre- 
sented. Fig.  56,  57.  When  placed  in  the  furnace,  a  small 
clay  pedestal  is  placed  on  the  grate,  on  which  the  cruci- 
ble stands,  to  remove  it  from  the  application  of  the  cur- 
rent of  cold  air;  and  a  cover  is  adapted  to  the  mouth,  to 
exclude  the  fuel.  Crucibles  of  platina  are  likewise  some- 
times used.  Cupels,  which  are  used  in  some  similar  pro- 
cesses, are  siliall  cups  made  of  bone-ashes,  very  porous: 
they  are  used  principally  in  refining  the  more  precious 
metals,  which  are  not  oxidated  by  heat  and  air,  any  oxi- 
dable  metal  combined  with  them,  soon  suffering  this 
change,  and  the  vitrified  oxide  being  absorbed  by  the  cu- 
pel. They  are  placed  under  an  arched  earthen  vessel, 
cpen  at  the  end,  named  a  Muffie,  Fig.  58.  by  which. 
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while  the  fuel  is  excluded,  the  air  which  is  necessary  in 
the  process  is  freely  admitted. 

In  applying  a  more  moderate  and  equable  heat  to  favour 
chemical  acfion,  the  mediuni  of  sand,  forming  the  Sand 
Bath,  is  generally  employed,  and  glass  vessels  named  Ma- 
trasses or  Cucurbits  are  used.  The  cucurbit  is  represent- 
ed, with  the  alembic,  PI.  VI.  Fig.  42.  as  the  apparatus 
which  is  used  in  sublimation.  The  matrass  is  represent- 
ed Fig.  45  :  from  being  blown  thin  and  equable,  it  sus- 
tains alternations  of  temperature  with  less  risk  of  break- 
ing, and  from  its  long  neck  any  vapour  . which  is  formed 
is  condensed  and  falls  back. 

A  very  convenient  method  of  applying  heat  from 
combustion,  where  it  is  not  necessary  that  it  should  be 
very  intense,  is  by  the  Lamp-furnace.  A  lamp  with  a 
concentric  wick,  and  internal  supply  of  air,  on  the  princi- 
ple of  Argand's,  affords  a  heat  which  has  the  advantage 
of  being  very  easily  regulated  ;  the  elevation  or  depresf 
rilon  of  the  wick,  and  the  distance  at  which  it  may  b? 
placed  from  the  body  designed  to  be  heated,  allowing  the 
application  of  various  degrees  of  heat,  and  their  speedy 
change.  By  an  invention  of  Mr  Webster,  in  which  a 
(iouble  concentric  wick  is  placed  in  the  lamp,  the  heat  is 
":ndered  more  powerful,  at  least  three  times  more  so  than 
V,  hen  the  lamp  with  a  single  wick  is  used  *. 

The  lamp  is  sometimes  attached  to  an  iron  or  brass 
rod,  on  which  it  slides,  and  to  which  are  also  attached 
rings  of  different  diameters,  to  support  a  retoi-t  or  matrass 
hove  the  flame.  It  is  more  convenient  to  have  a  detach- 


*  Philosophical  Magazine,  vol.  xiv. 
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cd  standard,  with  rings  that  can  be  Inserted  in  a  socket, 
which  slides  on  the  rod  of  the  standard,  and  by  a  thumb- 
screw  can  be  fixed  at  any  height. 

A  mode  of  applying  a  very  strong  heat  ^t  a  small  point-, 
is  that  by  the  Blow-pipe.  This  instrument  is  merely  a 
conical  tube,  with  a  very  small  apertmre  at  its  narrow  ex- 
tremity, and  having  towards  that  extremity  a  moderate 
curvature.  It  is  made  of  brass,  or  better,  and  more  com- 
monly of  glass  j  it  being  much  easier  to  give  a  glass  tube 
a  fine  and  smooth  aperture.  By  blowing  through  thit 
tube  on  the  flame  of  a  candle  or  lamp,  in  a  horizontal  di- 
rection, the  flame  is  urged  in  a  conical  form,  and  at  the 
extremity  of  it,  or  rather  at  the  extremity  of  an  internal 
blue  flame,  which  is  surrounded  by  one  of  white  light,  a 
heat  comparatively  intense  is  excited.  To  condense  the 
humidity  of  the  expired  air,  there  is  an  enlargement  or 
swell  at  one  part  of  the  tube  ;  and  when  constructed  of 
br^ss,  small  moveable  nozzles  are  adapted  to  the  tube, 
having  holes  of  different  diameters,  to  affbrd  a  larger  or 
smaller  flame.  This  instrument  is  used  by  the  chemist 
and  mineralogist,  in  ascertaining  the  fusibilities  of  bodies. 
A  fragment  of  the  substance  to  be  submitted  to  trial,  not 
exceeding  the  size  of  a  pepper-corn,  is  placed  on  a  piece 
of  solid  charcoal,  or  in  a  spoon  of  silver  or  platlna,  and 
the  flame  is  directed  upon  it,  or  if  its  fusion  is  to  be  pro- 
moted by  the  addition  of  any  flux,  it  is  reduced  to  pow- 
der and  mixed  with  it.  It  is  also  much  employed  by  thf 
artists,  in  enamelling  and  in  working  on  glass,  which  is 
melted  by  it,  so  as  to  be  capable  of  being  moulded  into 
any  shape,  or  blow  into  vessels  of  a  small  size. 

The  facility  of  blowing  through  the  blow-pipe,  so  as 
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to  keep  up  a  constant  stream  of  air,  is^ot  very  easily  ac- 
quired, and  it  is  always  fatiguing  to  continue  it  for  any 
length  of  time.    Different  contrivances  have  been  had 
recourse  to,  to  obviate  this  inconvenience.    The  instru- 
ment is  sometimes  connected  by  a  flexible  tube  with 
double  bellows  worked  by  the  foot,  by  which,  if  the  bel- 
lows be  well  constructed,  a  strong  and  uniform  stream  of 
air  is  forced  through  the  tube  *•   It  is  difficult,  however, 
to  construct  bellows  which  shall  be  nearly  air-tight : 
hence  a  great  part  of  the  air  escapes  without  passing 
through  the  blow-pipe.    To  obviate  this,  Mr  Hare  has 
constructed  a  hydrostatic  blow-pipe,  of  which  he  has 
given  a  description  f .  .  Abbe  Melograni  employs  two 
glass  globes,  connected  by  their  necks.    One  of  them 
being  half  filled  with  water,  is  placed  so  that  the  water 
shall  run  into  the  other,  forcing  a  stream  of  air  through  a 
tube  which  issues  from  it,  and  which  is  directed  on  the 
flame  of  a  candle  J.    Lastly,  the  vapour  of  spirit  of  wine 
has  been  applied  to  this  purpose  ;  a  quantity  of  spirit  be- 
ing put  into  a  small  vessel,  which  is  placed  over  the  flame 
of  a  lamp,  is  soon  converted  into  vapour ;  this  vapour 
conducted  through  a  curved  tube  is  directed  on  the  flame 
of  a  candle',  or  that  of  a  wick  placed  in  a  diflTerent  part 
of  the  same  tin  lamp  as  that  by  which  the  spirit  is  heat- 
ed.   A  safety  valve  is  likewise  adapted  to  the  vessel  conr 
taining  the  spirit  §.    Even  with  this,  however,  the  flame 


*  Cronstedt's  Mineralogy  by  Magellan,  Appendix, 
f  Philosophical  Magazine,  vol.  xiv.  p.  238. 
J  Nicholson's  Journal,  vol.  ix.  p.  25.  and  l^S. 
§  Ibid.  vol.  iii.  p.  1.  ;  vol.  iv.  p.  lOG. 
F  f 
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is  not  so  equable  ^  that  urged  by  a  current  o£  air,  pro- 
pelled in  the  other  modes. 

Since,  by  the  contrivances  hitherto  described,  combus- 
tion is  rendered  more  rapid,  and  a  stronger  heat  is  pro-* 
duced  from  the  air  being  more  rapidly  supplied  to  the 
combustible  matter,  it  is  evident,  that  if  we  employ  not 
merely  atmospheric  air,  but  the  constituent  part  of  it, 
oxygen  gas,  which  more  peculiarly  supports  combustion, 
a  still  more  intense  heat  will  be  excited.  In  this  way, 
accordingly,  we  can  raise  the  highest  heat  which  can  be 
obtained  by  artificial  arrangements. 

The  method  that  has  been  employed  is  to  form  a  small 
cavity  in  a  piece  of  charcoal,  which  is  kindled  by  direct- 
ing flame,  urged  by  a  blow-pipe  upon  it  j  the  substance 
designed  to  be  operated  on  is  put  into  the  cavity,  and  a 
stream  of  oxygen  gas  is  directed  on  the  red  hot  charcoal, 
from  a  tube  with  a  small  aperture  which  communicates 
with  a  gazometer  containing  the  gas.  The  combustion 
instantly  becomes  vivid,  and  a  very  intense  heat  is  ex- 
cited. A  series  of  experiments  were  made  in  this  man- 
ner by  Lavoisier.  All  the  metals  were  melted,  and  with 
the  exception  of  platina  were  even  either  dissipated  in 
vapour  or  made  to  burn.  The  simple  earths,  with  the 
exception  of  lime,  magnesia,  and  barytes,  were  fused. 
And  all  the  compound  earthy  fossils  were  either  melted 
into  a  species  of  glass,  or  softened,  and  in  general  their 
colours  were  destroyed.  The  heat,  it  is  remarked  by 
Lavoisier,  is  superior  to  that  excited  by  the  concentration 
©f  the  solar  rays  by  the  most  powerful  burning  glass,  as 
in  the  focus  of  the  great  burning  glass  of  Tschirnhausen, 
platina  is  either  not  changed,  or  after  long  exposure  1$ 
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only  agglutinated ;  and  argil,  jasper,  and  several  other 
fossils,  sufFer  no  alteration,  while  on  the  burning  char- 
coal, excited  by  oxygen  gas,  all  these  substances  are 
quickly  fused  *.  If  the  stream  -of  gas  be  urged  on  the 
flame  of  a  lamp,  a  very  intense  heat  is  also  excited,  though 
inferior  to  that  from  burning  charcoal. 

Ehrmaji  prosecuted  these  experiments,  and  in  his  work  f 
are  detailed  the  results.  He  appears  to  have  been  able 
to  excite  a  more  intense  heat  than  that  obtained  by  La- 
voisier, as  he  volatilized  platina,  and  fused  barytes  and 
magnesia,  lime  being  the  only  earth,  and  indeed  the  only 
substance,  which  was  perfectly  infusible.  A  series  of  si- 
milar experiments,  performed  by  a  philosophical  society 
in  London,  is  related  in  the  eighth  volume  of  the  Philo- 
sophical Magazine. 

Another  method  has  more  lately  been  employed  of  In- 
creasing heat  by  oxygen  gas,  that  of  presenting  a  current 
of  it  to  a  current  of  hydrogen  gas,  and  kindling  the  stream 
of  the  mixed  gas.  This  application  has  been  suggested 
by  Mr  Hare.  Each  gas  may  be  allowed  to  issue  from  a 
separate  gazometer,  and  being  united  in  a  common  me- 
tallic tube,  of  small  width  and  length,  the  mixed  stream 
may  be  kindled  at  the  aperture  of  the  tube.  The  heat 
existing  in  the  centre,  or  towards  the  point  of  the  flame, 
appears  to  be  even  more  intense  than  that  produced  by 
directing  oxygen  gas  on  burning  charcoal.  An  account 
of  experiments  performed  by  it,  and  of  the  apparatus  whh 
wliich  they  were  performed,  is  given  by  Mr  Hare  J. 

*  Mimoires  de  I'Acad.  dcs  Sciences,  1783,  p  563. 

t  Essai  d'un  Art  de  Fusion. 

I  Philosophical  Magazine,  vol.  xiv.  p.  301. 


458 


VARIATIONS 


Having  described  the  means  of  producing  augmenta- 
tion of  temperature,  and  their  application  to  practical 
chemistry,  I  have,  lastly,  to  state  the  methods  which 
may  be  employed  to  reduce  temperature,  or  pruduce 
cold.  These  are  Rarefaction,  Evaporation,  and  Chemi- 
cal action. 

I  have  already  stated,  that  when  by  the  removal  of 
pressure,  a  gas  is  suddenly  rarefied,  or  allowed  to  expand, 
its  temperature  is  reduced.  This  is  apparen",  even  in  the 
comparatively  slow  rarefaction  of  air  in  working  the  air- 
pump,  a  thermometer  in  the  receiver  sinking,  as  Dr  Cul- 
len  long  ago  remarked,  two  or  three  degrees.  Dr  Darwin  * 
observed,  that  if,  in  the  stream  of  air  issuing  from  the  re- 
ceiver of  an  air-gun,  in  which  it  had  been  compressed,  a 
thermometer  were  placed,  it  sunk  5  or  7  degrees.  The 
striking  phenomena  observed  in,  the  fountain  of  Hiero, 
constructed  on  a  large  scale  at  the  mines  of  Chemnitz,  in 
Hungary,  afford  the  best  example  of-  the  production  of 
cold,  by  rarefaction.  In  this  engine,  the  air  in  a  large 
vessel  is  compressed  by  a  column  of  water,  260  feet  in 
height ;  on  opening  a  stop-cock,  it  rushes  out  with  great 
viol-ence,  and  in  expanding,  the  watery  vapour  which  ex- 
isted in  it,  is  not  only  deposited,  but  is  congealed,  falling 
like  snow,  or  adhering  in  icicles  to  the  aperture  of  the 
stop-cock  *. 

The  production  of  cold  from  evaporable  fluids  exposed 
to  the  atmosphere,  had  been  noticed  by  Mairan  and  by 
Wllcke,  but  was  first  made  the  subject  of  accurate  expe^ 
riment,  and  ascribed  to  the  evaporation  of  the  fluid,  by 


*  Philosophical  Transactions,  vol.  Ixxviii.  p.  43. 
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Dr  CuUen.  He  observed,  that  a  thermometer,  when  its 
bulb  was  immersed  in  spirit  of  wine,  sunk  always  several 
degrees  on  suspending  it  in  the  air,  but  recovered  its  tem- 
perature when  it  had  become  dry  With  other  fluids  the 
same  phenomenon  was  observed,  though  not  precisely  to 
the  same  extent.  With  water  it  was  less,  and  with  ether 
considerably  greater  *. 

From  these  experiments,  Dr  Cullen  remarked,  that  the 
cold  produced  is  greater  as  the  fluid  is  more  evaporable. 
He  found,  too,  that  it  is  increased  by  whatever  accelerates 
the  evaporation,  as  by  a  current  of  air  being  directed  on 
the  wet  bulb.  If  it  be  wet  with  water,  and  the  evapora- 
tion promoted  by  blowing  a  current  of  air  on  it,  the  tem- 
perature sinks  about  5  degrees  of  Fahrenheit*,  if  with  al- 
kohol,  it  falls  12  degrees  ;  and  from  sulphuric  ether  the 
fall  is  above  30  degrees.  If  the  ether  be  evaporated, 
therefore,  from  a  small  tube  containing  water,  the  water 
will  be  frozen  by  the  cold  produced.  If  a  piece  of  linen 
be  wrapt  round  the  bulb  of  a  thermometer,  be  well  moi- 
stened with  rectified  ether,  and  exposed  to  a  current  of 
air,  the  temperature  sinks  from  50''  to  5".  Alkohol  ap- 
plied in  the  same  way  sinks  it  to  31'',  and  water  to  38°f. 
The  evaporation  being  more  rapid  when  the  fluid  is  plac- 
ed in  a  jar  on  the  plate  of  the  air-pump,  and  the  air  ex- 
hausted, greater  cold  is  produced  ;  and  in  this  way  also, 
as  Dr  Cullen  observed,  by  tlie  evaporation  of  ether,  water 
is  frozen,  by  adding  a  second  receiver,  over  the  one  in 
%vhich  the  exhaustion  was  performed,  so  as  to  exclude  as 


*  Edinburgh  Physical  and  Literary  Essays,  vol.  ii.  p.  15% 
+  Walker  on  Cold,  p.  82. 
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much  as  possible  the  heating  agency  of  the  atmosphere. 
Vr  Higgins  states,  that,  from  the  evaporation  of  ether  in 
this  way,  in  frosty  weather,  the  temperature  is  reduced 
40"  below  32°  *. 

Degrees  of  cold  much  more  intense  are  obtained  by  the 
chemical  action  of  certain  substances  on  each  other.  In 
every  case  of  this  kind,  the  cold  is  produced  by  the  mu- 
tual action  either  of  two  solid  bodies,  or  of  a  solid  and  a 
fluid,  which  in  the  progress  of  that  action  pass  into  the 
liquid  state  ;  and  to  this  change  of  form  the  absorption  of 
caloric,  which  constitutes  the  reduction  of  temperature, 
is  to  be  ascribed. 

The  principal  ingredients  of  these  Freezing  Mixtures 
as  they  are  named,  are  substances  belonging  to  the  class 
of  salts.  In  the  solution  of  many  salts  in  water,  the  tem- 
perature is  considerably  reduced.  By  adding  common 
nitre  to  water,  in  as  large  a  quantity  as  can  be  dissolved 
at  a  moderate  temperature,  the  temperature  is  reduced  17 
degrees;  and  by  dissolving  muriate  of  ammonia  in  water,  in 
the  same  way  at  the  same  temperature,  26  or  28  degrees. 
Nitrate  of  ammonia  in  fine  powder,  added  to  an  equal 
weight  pf  water,  in  dissolving,  reduces  the  temperature 
from  50^  of  Fahrenheit  to  4-°  :  and  3  parts  of  muriate  of 
lime,  added  to  2  of  water,  sink  it  from  36°  to  — 1  °, 

Mr  Walker,  reflecting  that  water,  although  saturated 
with  one  salt,  will  dissolve  a  portion  of  a  second,  and  even 
of  a  third,  was  led  to  suppose,  that  by  adding  successive- 
ly two  or  mdre  salts  to  water,  he  might  obtain  a  greater 
cold  than  from  the  solution  of  one.    On  making  the  ex- 


*  Minutes  of  a  Society  for  rhiloeophicnl  Experiments,  p- 
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perlment,  he  found  this  to  be  the  fact,  and  by  different 
mixtures  of  this  kind,  produced  degrees  of  cold  which 
were  formerly  not  produced  without  the  assistance  of 
snow  or  ice. 

One  of  the  most  powerful  and  convenient  of  these 
mixtures,  is  that  composed  of  equal  parts  of  muriate  of 
ammonia  and  nitrate  of  potassa  reduced  to  powder. 
Five  parts  of  this  mixture,  added  to  eight  parts  of  water 
at  50'^,  reduce  the  temperature  to  11^.  And,  what. ren- 
ders it  the  most  economical  of  these  compositions,  is,  that 
by  evaporation  of  the  solution  to  dryness,  the  powder  ob- 
tained answers  equally  as  before ;  and  in  this  way  the 
same  materials,  when  recovered  for  the  twelfth  time,  had 
the  same  effect  *.  Six  parts  of  nitrate  of  ammonia,  and 
six  of  carbonate  of  soda,  added  to  six  of  water,  reduce  the 
temperature  from  50^  to — 7°,  which  is  the  greatest  cold 
obtained  from  adding  salts  to  water. 

When  salts  are  dissolved,  not  in  water,  but  in  acids 
more  or  less  diluted,  more  intense  colds  are  in  general 
produced,  owing  to  the  solution  proceeding  more  rapidly. 
Sulphate  of  soda,  added  to  nitrous  acid,  previously  dilut- 
ed with  1  part  of  water,  gives  a  fall  of  temperature  from 
51°  to  —  1°;  added  to  sulphuric  acid  diluted  with  an  equal 
weight  of  water,  the  reduction  is  from  50°  to  5°  :  and 
three  parts  of  the  salt  in  fine  powder,  with  two  parts  of 
muriatic  acid,  reduce  the  temperature  from  50°  to  0. 
When  mixed  salts  are  added  to  the  acids,  the  degrees  c^ 
'  cold  are  rather  greater.  Phosphate  of  soda  9  pafts,  ni- 
trate of  ammonia  6  parts,  and  diluted  nitric  acid  4  parts. 


♦  Walker  on  the  Production  of  Artificial  Cold,  p.  25. 
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the  most  powerful  of  these  is  mixtures,  and  causes  the 

thermometer  to  descend  from  50"^  to  '21°. 

By  a  successive  application  of  these  mixtures  of  saline 
substances  with  acids,  so  as  to  reduce  the  temperature  of 
the  materials,  Mr  Walker  succeeded  in  freezing  quick- 
silver *. 

It  has  been  long  known,  that  ice  or  snow,  added  to 
acids,  dissolves  quickly,  and  during  its  solution  produces 
a  considerable  degree  of  cold.  An  observation  of  this 
kind  was  made  by  Boyle,  though  not  much  attended  to. 
Experiments  on  the  powers  of  the  different  acids  have 
been  since  made  by  diflFerent  chemists,  and  by  the  cold 
thus  produced,  Professor  Braun  first  succeeded  in  freez- 
ing  quicksilver,  the  e,xperiment  having  been  made  at  Pe- 
tersburgh  when  the  temperature  of  the  atmosphere  was 
low  *.  The  cold  produced  by  the  different  a.cids  is 
different,  and  varies  also  according  to  their  state  of 
concentration.  According  to  Mr  Lowitz,  when  the 
acids  are  undiluted,  muriatic  acid  produces  the  greatest 
cold,  nitrous  is  next  to  it,  and  sulphuric  acid  gives  the 
least,  the  first  sinking  the  temperature  from  the  freezing 
point  of  water  to  — 29°  of  Fahrenheit,  the  second  to 

 22*^,  and  the  third  to  — 11       When  diluted,  however, 

the  sulphuric  acid  exceeds  the  other  in  refrigerating 
power,  a  degree  of  cold  equal  to  — 78°  having  been  pro- 
duced from  its  action  on  snow  at  a  very  low  natural  tem- 
V'  perature.    It  was  found  by  Lowitz,  that  if  the  acids  be 


*  Walker  on  Cold,  p.  35. 
t  Pliilosoph.  Trans,  vol.  lii.  p.  156. 
Annales  de  Chimie,  t.  xii.  p.  301. 
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cooled  so  low  as  to  be  congealed,  on  mixing  them  with 
snow  in  that  state,  they  fail  in  producing  the  cold  they 
produce  when  liquid. 

From  the  mutual  action  of  snow  or  ice  and  solid  salts, 
we  also  obtain  very  great  reductions  of  temperature.  The 
experiments  of  Fahrenheit,  in  which  he  obtained  the  de- 
grees of  cold  at  which  he  commenced  the  scale  of  his 
thermometer,  by  mixing  snow  with  sea-salt,  or  with 
muriate  of  ammonia,  have  been  long  known.  Mr  Lowitz 
has  more  particularly  attended  to  this  variety  of  freezing 
mixture,  and  has  discovered  methods  of  producing  very 
intense  colds.  The  temperature  of  the  atmosphere  be- 
ing 32"  of  Fahrenheit,  a  mixture  of  solid  and  dry  po- 
tassa  with  snow,  reduced  the  temperature  to  — 53^^.  A 
similar  mixture  with  soda  gave  a  cold  of  only — 15°. 
Various  other  saline  substances  gave  similar  low  temper- 
atures, particularly  nitrate  of  lime,  muriate  of  magnesia, 
muiiate  of  iron,  and  acetite  of  potassa  *  :  but  these  were 
all  inferior  in  producing,  cold,  to  the  pure  potassa*. 
Mr  Lowitz,  however,  succeeded  in  discovering  a  salt 
much  less  expensive  and  less  unpleasant  in  operating 

with  equally  or  even  more  effectual  in  producing  cold,  

the  muriate  of  lime.  The  degree  of  cold  produced 
varied  accordiug  to  the  proportions  j  but  the  greatest  was 
with  4-  parts  of  the  salt  and  3  of  snow,  which,  when  the 
temperature  of  the  atmosphere  is  about  5°,  sink  the  tem- 
perature to  — 56°  The  addition  of  a  little  more  salt 
did  not  lessen  the  effect,  while  using  a  smaller  propor- 
tion did.    To  render  it  more  certain,  therefore,  Lowitz 


*  Aunales  de  Chimie,  t.  xxii.  p.  302 — 3;  305- 
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recommends  as  the  best  proportions,  3  parts  of  tlie  salt 
with  2  of  snow.  With  sucli  a  mixture,  quicksilver  can 
be  easily  congealed,  and  Mr  Lowitz,  in  one  experiment, 
froze  35  pounds  of  it. 

These  experiments  have  been  often  repeated  by  che- 
mists i  and  within  these  few  years,  the  effects  of  these 
intense  colds,  on  a  number  of  substances,  have  been  as- 
certained, A  series  of  experiments  of  this  kind  were  per- 
formed by  Fourcroy  and  Vauquelin.  By  mixtures  of 
diluted  acids  with  snow,  and  of  muriate  of  lime  with 
snow,  they  produced  reductions  of  temperature  to  50*^, 
€0°,  and  even  to  65°  below  the  commencement  of  Fah- 
renheit's scale.  A  saturated  solution  of  ammonia  in  wa- 
fer crystallized  at  — ^^''j  and  at  — 56®  was  converted  int« 
a  semi-transparent  mass,  and  lost  nearly  all  its  odour  j 
nitrous  acid  crystallized  at  the  latter  temperature;  at — 48* 
sulphuric  ether  became  thick  and  milky,  and  at  length 
formed  a  white  mass,  composed  of  small  crystals  ;  alko- 
hol  could  not  be  congealed  *. 

Guyton,  by  transmitting  ammonia  in  its  gaseous  form, 
and  deprived  as  much  as  possible  of  water,  into  a  baloon, 
cooled  by  a  mixture  of  muriate  of  lime  and  snow,  found 
it  condensed  into  a  fluid  at  • — 48°  of  the  centigrade  scale, 
or — 56**  of  Fahrenheit  f.  Van  Mons  observes,  that  at 
these  low  temperatures,  the  most  ductile,  metals,  gold, 
silver  and  lead,  lose  their  tenacity,  and  become  brittle  t- 

In  conducting  the  process  of  artificial  refrigeration,  a 
number  of  circumstances  require  to  be  attended  to,  in 


*  Annates  de  Chimie,  t.  xxbc.  p.  281. 
t  Ibid.  p.  297.  t  Ibid.  p.  300. 
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some  measure  varied  according  to  the  kind  of  freezing 
mixture  which  is  employed.  In  obtaining  cold  from  the 
solutions  of  salts  in  water,  or  in  acids,  it  is  necessary 
that  the  salts  employed  should  be  fresh  crystallized,  nei- 
ther efflorescent  nor  humid,  and  reduced  to  fine  powder 
the  materials  ought  to  be  quickly  and  accurately  mixed  -, 
the  vessel  in  which  the  mixture  is  made  should  be  just 
large  enough  to  contain  it ;  and  the  vessel  in  which  the 
substance  designed  to  be  subjected  to  refrigeration  is  con- 
tained, ought  to  be  of  glass,  and  thin.  In  employing 
mixtures  of  snow  with  acids  or  salts,  the  snow  should  be 
taken  loose,  dry,  and  if  possible  newly  fallen  •,  the  quan- 
tities of  materials  should  be  mixed  at  once  in  their  due 
proportion,  and  as  quickly  as  possible.  If  muriate  of  lime 
be  employed,  it  should  be  perfectly  dry,  and  in  fine  pow- 
der. Lowitz  directs  that  it  should  be  in  that  state  in 
which  it  is  crystallized  with  the  largest  quantity  of  water 
of  crystallization,  which  is  done  by  putting  its  solution  to 
cool,  when  of  the  density  of  1.5  or  1.53  ;  while  Guyton 
advises,  that  the  solution  should  be  evaporated,  until,  on 
cooling,  it  form  a  solid  mass.  When  pulverized  in  this 
state,  it  attracts  a  portion  of  humidity  from  the  air  j  but 
the  water  thus  attracted  still  becomes  solid,  and  the  pow- 
der is  therefore  obtained  dry.  The  observation  of  Lowitz, 
however,  that  the  muriate  of  lime  produces  the  greatest 
cold,  when  in  its  perfectly  crystallized  state,  is  confirmed 
by  Walker.  In  cooling  the  materials,  where  this  is  requi- 
site, they  ought  to  be  put  into  separate  glass  or  tin  ves- 
sels, placed  in  a  freezing  mixture  of  the  requisite  power  i 
but  care  must  be  taken  not  to  cool  them  beyond  that 
point  at  which  they  act  on  each  other,  or,  in  other  words, 
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iiear  .tQ  that  at  which  th^  fluid  resulting  (torn  tlw?ir  mu- 
tual action  congeals.  Thus,  if  snow  and  salt  are  mixed 
at  "—10°  of  Fahrenheit,  they  have  no  action  on  each  other  j 
or  if  snow  ^nd  potassa  be  mixed,  each  at  — 69*^,  they  re- 
main perfectly  soUd  j  but  if  the  temperature  be  raised  to 
— 53®,  their  aetioo  commences,  and  a  cold  is  produced  of 
— 70''.  Lastly,  the  due  proportions  of  the  ingredients 
should  be  observed  ;  for  if  there  is  any  considerable  ex- 
cess of  eith^Jr,  it  merely  communicates  caloric  to  the  mix- 
ture during  the  refrigeration,  and  so  far  diminishes  the  ef- 
fect. 

The  cold  produced  by  all  these  mixtures,  is  no  doubt  to 
be  ascribed  to  tlie  absorption  of  caloric,  which  attends  the 
rapid  liquefaction  of  the  materials  from  their  mutual  che- 
mical actiojj,  and  of  course  is  ultimately  to  be  referred  to 
tlie  enlargement  of  capacity  consequent  on  that  change  of 
£prm  ;  the  cold  produced  being  greater  as  the  capacity  is 
more  enlarged..  This  view  was  accordingly  very  distinct- 
ly presented  hy  Dr  Irvine  *•  Although  it  is  uo  doubt 
tjie  ultimate  principle  of  the  theory,  there  are  some  inter- 
mediate-facte,  which,  for  its  full  illuistratioii,  require  to  be 
stilted. 

Thus,  we  may  in  some  measure  predict,  what  substan- 
ces are  best  fitted,  by  their  mutual  action,  to  produce 
cold, — what  degree  of  cold  may  be  expected,  from  their 
mixture  in  any  given  case,— -what  will  be  the  maximum 
of  refrigeration,, — and  what  will  be  the  best  proportions 
of  the  materials  to  obtain  that  maximum. 

It  is  obvious,  (i  priori,  that  those  substances  will  pro- 
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duce  the  greatest  cold,  whic^,  by  their  mutual  action,  pro- 
duce the  most  rapid  solution, — which,  during  that  solu- 
tion, suffer  the  greatest  augmentation  of  capacity,— and 
which  form  a  solution  that  at  very  low  temperatures  re- 
mains liquid.  There  is  perhaps  no  individual  mixture  in 
which  all  these  circumstances  are  present  to  the  greatesj: 
extent ;  yet  the  knowledge  of  them  enables  us  to  point 
6ut  the  respective  powers  of  the  different  kinds  of  mix- 
tures which  are  employed. 

Thus,  in  the  solution  of  a  s^lt  in  water,  we  have  mere- 
ly the  gradual  transition  of  the  solid  to  the  fluid  form ; 
hence  the  cold  produced  is  not  considerable.  When  two 
salts  are  mingled  together,  these,  by  their  reciprocal  ac- 
tion, both  accelerate  the  solution  of  each  tother,  and  ena- 
ble a  given  quantity  of  water  to  dissolve  a  greater  quan- 
tity J  as  more  solid  matter,  therefore,  passes  to  the  fluid 
state,  and  passes  more  quickly,  a  greater  portion  of  caloric 
is  absorbed  in  a  given  time  ;  and  accordingly  a  greater  de- 
gree of  cold  is  produced.  The  attraction  of  acids  to  wa- 
ter, or  to  state  it  more  correctly,  to  the  solid  particles  of 
water,  is  strong,  and  their  mutual  action  is  energetic  j  ice 
too  is  a  substance  which,  in  its  transition  to  fluidity,  suf- 
fers a  very  considerable  augmentation  of  capacity  ;  hence 
from  these  facts  it  may  be  concluded,  what  experiment 
proves  to  be  just,  tliat  from  the  action  of  acids  on  snow 
or  ice,  a  great  degree  of  cold  will  arise.  Lastly,  in  the 
mixture  of  two  solid  substances,  which  by  their  mutual 
action  pass  to  fluidity,  the  comparative  enlargement  of  ca- 
pacity must  be  greater,  and  hence  a  greater  diminution  of 
temperature  produced.  It  is  so  in  fact ;  at  the  same  time 
there  is  a  limit  placed  to  it,  from  two  solids  acting  with 
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greater  slowness  on  each  other,  than  a  solid  and  fluid  do  ; 
the  transition  to  fluidity  is  from  this  cause  more  gradual, 
and  the  caloric  not  so  rapidly  absorbed.  Hence  we  fmd, 
that  the  c6ld  produced  in  these  cases,  is  not  equal,  as 
Blagden  observed,  to  the  cold  arising  from  the  solution  of 
the  salt  in  water,  added  to  the  cold  that  would  also  arise 
from  the  sudden  liquefaction  of  the  ice.  This  also  is  the 
reason  why  the  mixture  of  acids  with  snow  or  ice  are  in 
many  cases  equal  to  the  mixtures  with  solid  salts  ;  be- 
cause, although  in  the  latter  case  more  matter  passes  to 
the  fluid  form,  yet  in  the  former,  a  given  quantity  is  li- 
quefied more  rapidly.  And  those  salts  which  produce 
the  greatest  cold,  are  those  which  exert  the  strongest  at- 
traction to  water,  and  act  on  it  most  rapidly,  as  potassa 
and  muriate  of  lime. 

There  is  another  principle,  however,  to  be  attended  to, 
which  in  all  these  mixtures  modifies  the  quantity  of  calo- 
ric that  is  absorbed  from  the  liquefaction.  Although  the 
indirect  consequence  of  the  chemical  action  between  the 
substances  mixed, -is  absorption  of  caloric,  in  consequence 
of  the  liquefaction  it  occasions,  yet  its  direct  tendency  is 
to  evolve  caloric,  by  the  increase  of  density  which  chemi- 
cal action,  independent  of  change  of  form,  always  occa- 
sions. Hence  two  effects  result  from  the  mutual  actioi> 
of  the  ingredients  of  freezing  mixtures evolution  of  ca- 
loric, as  the  immediate  result  of  the  combination,  and  ab- 
sorption of  caloric,  as  the  result  of  the  liquefaction  to 
which  the  combination  gives  rise  ;  and  the  ultimate  efi'ect 
is  compounded  of  these,  or  the  actual  change  of  temper- 
ature is  only  the  excess  of  the  one  over  the  other. 

it  may  even  happen,  that  the  one  shall  exactly  coun- 
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cerbalance  the  other,  of  which  we  find  an  example  in  an 
experh-nent  related  by  Mr  Walker,  that  of  the  solution  of 
sulphate  of  soda  in  alkohol,  which  produces  neither  heat 
nor  cold  ;  or,  it  may  happen,  that  the  heat  from  conden- 
sation shall  exceed  the  cold  from  liquefaction,  as  in  the 
solution  of  potassa  in  water. 

The  general  principle  I  have  now  stated,  is  very  dis- 
tinctly exemplified  in  the  action  of  acids  on  ice,  and  as 
applied  to  this  case,  is  clearly  stated  by  La  Place  :  "  If 
the  mixture  of  an  acid,  with  a  given  quantity  of  water, 
produce  heat,  in, mixing  that  acid  with  the  same  quanti- 
ty of  ice,  it  will  produce  heat  or  cold,  according  as  the 
heat  which  results  from  its  mixture  with  water,  is  more 
or  less  considerable  than  that  which  is  necessary  to  melt 
the  ice 

On  this  principle  many  of  the  facts  connected  with  the 
operation  of  freezing  mixtures  are  explained.  Thus  we 
perceive  why  concentrated  sulphuric  acid  poured  on  snow 
or  ice,  produces  at  first  heat  instead  of  cold  ;  the  action 
is  so  energetic  that  the  caloric  evolved  from  the  combina- 
tion is  superior  to  what  is  absorbed  by  the  liquefaction. 
But  when  sulphuric  acid  is  combined  with  a  portion  of 
water,  its  affinity  for  more  water  being  weakened  by  the 
quantity  already  combined  with  it,  its  action  is  less  ener- 
getic, and  less  augmentation  of  temperature  attends  their 
union.  Hence  in  the  progress  of  the  experiment  in 
which  the  concentrated  acid  is  poured  on  snow,  although 
heat  is  at  first  produced,  it  is  soon  succeeded  by  cold,  or 
if  the  acid  has  been  previously  diluted  with  a  portion  of 
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water,  it  will  then,  when  added  to  the  snow,  immediate- 
ly produce  cold.  Even  nitric  acid,  as  Mr  Cavendish  ob- 
serves, produces  at  first  a  degree  of  heat  when  added  to 
snow,  but  when  diluted  with  ^  of  water,  it  immediately 
occasions  cold.  The  requisite  dilution  is,  therefore,  less 
in  nitric  than  it  is  in  sulphuric  acid,  and  it  is  still  less  in 
muriatic,  and  we  perceive  the  reason  of  this, — these  acids 
evolving  much  less  caloric  when  they  combine  with  wa- 
ter than  sulphuric  acid  does,  and,  therefore,  counteracting 
less  the  cold  from  the  liquefaction ;  yet  even  they  when 
diluted  to  a  certain  extent,  cause  a  greater  reduction  of 
temperature,  by  their  mixture  with  snow,  than  when  they 
are  in  a  more  concentrated  state,  though  they  do  not  bear 
to  be  diluted  so  much  as  sulphuric  acid.  And,  lastly,  if 
the  dilution  of  the  acid  be  carried  too  far,  its  attraction 
may  be  at  length  so  much  weakened,  that  its  action  on 
the  snow  will  be  feeble,  the  liquefaction  will  be  per- 
formed slowly,  and  hence  no  great  cold  will  be  occasion- 
ed. 

In  the  other  kind  of  freezing  mixtures,  there  can  be  no 
doubt  that  the  same  circumstance  operates,  though  per- 
haps to  less  extent.  The  heat  from  combination  always 
counteracts- the  cold  from  liquefaction  j  it  is  only  the  ex- 
cess that  prevails,  and  in  no  case  is  the  whole  reduction 
of  temperature  that  would  arise  from  the  mere  liquefac- 
tion of  the  quantity  of  matter  employed,  obtained.  This 
explains  to  us  the  reason  why  crystallized  salts  produce 
more  cold  than  the  same  salts  deprived  of  their  water  of 
crystallization.  By  its  presence,  the  mutual  action  of  the 
salt  and  the  substance  mixed  with  it  is  rendered  kss  en- 
ergetic, and  therefore  less  heat  is  evolved  from  the  com- 
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Mnation.  Probably  also  water,  in  becoming  liquid,  may 
suffer  a  greater  enlargement  of  capacity  than  a  salt  does ; 
Tud  this  may  have  a  share  in  increasing  the  refrigerating 
lower  of  the  crystallized  salts. 

From  these  observations,  it  follows,  that  the  greatest 
:old  will  be  obtained  from  the  mixture  of  substances 
which  act  mutually,  so  as  to  pass  most  quickly  into  the 
fluid  state,  and  which  in  that  transition  have  their  capa- 
cities most  enlarged.  But  as  this  rapid  action  is  the  re- 
sult of  an  energetic  affinity,  this  may  counteract,  by  the 
evolution  of  caloric  to  which  it  gives  rise,  the  cpld  that 
would  otherwise  be  produced.  In  all  cases,  therefore, 
there  will  be  a  certain  state  of  concentration  of  the  ma- 
terials, and  a  certain  proportion  of  them,  from  which  the 
greatest  cold  will  be  obtained. 

It  may  be  remarked,  too,  that  we  do  not  obtain  the  re- 
duction of  temperature  to  the  lowest  point  in  the  thermo- 
metrical  scale  from  those  mixtures  which,  during  their 
mutual  action,  absorb  most  caloric.  If  we  take  two 
freezing  mixtures  at  32°,  the  one,  for  example,  muriate  of 
hme  and  snow,  the  Other  diluted  sulphuric  acid  and  snow, 
the  former  will  produce  more  cold  than  the  latter,  it  will 
sink  the' thermometer  to  — 40°  or  —-  30°,  while  the  other 
will  sink  it  to  not  more  than  — 2.5".  But  we  may  reach 
a  lower  point  in  the  scale  of  temperature,  by  successive 
application  of  diluted  sulphuric  acid  and  ,snow,  than  we 
can  do  by  muriate  of  lime  and  snow ;  for,  past  a  certain 
temperature,  the  latter  mixture  does  not  liquefy,  but,  on 
the  contrary,  were  it  liquid  would  become  solid,  while 
the  former  remains  liquid  at  much  lower  temperatures 
than  this.    If  we  cool,  previous  to  mixture,  muriate  of 
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lime  and  snow  to  —73°,  no  advantage  is  gained  j  lor 
whatever  may  be  their  temperature,  they  cannot  produce 
one  lower  than  this,  as  their  combination  cannot  exist 
liquid  at  temperatures  below  that  point ;  and  even  by  ap- 
proaching  very  closely  to  it  before  mixture,  we  rather 
diminish  their  mutual  action,  by  adding  to  the  cohesion 
of  each.  But  by  previously  cooling  diluted  sulphuric 
acid  and  snow,  an  important  advantage  is  gained ;  the 
same  limit  is  not  placed  to  their  mutual  action,  and  the 
lower  the  temperature  is  reduced,  it  is  obvious,  that  the 
lower  will  the  temperature  be  that  results  from  their 
mutual  action,  down  to  that  point  at  which  the  liquid 
formed  by  the  action  of  the  acid  on  the  snow  would 
congeal. 

This  furnishes  us  therefore  with  a  rule  by  which  we 
may  determine  the  extreme  point  to  which  the  cold,  in 
the  scale  of  the  thermometer,  from  a  freezing  mixture 
may  be  carried.  It  can  never  exceed  that  point  at  which 
the  liquid  combination  resulting  from  that  mixture  con- 
geals or  crystallizes,  and  must  indeed  always  be  a  degree 
or  two  above  it.  Thus  a  saturated  solution  of  sea-salt  in 
water,  congeals  at  a  few  degrees  below  0  of  Fahrenheit 
and  hence  the  cold  resulting  from  that  salt  mixed  with 
ice  or  snow  is  never  lower  in  temperature  than  this. 
This  gives  us  the  reason  wliy  sulphate  of  soda  scarcely 
produces  any  cold  when  mixed  with  ice,  as  it  lowers  the 
freezing  point  of  water  only  a  few  degrees,  while  potassa 
or  muriate  of  lime  produce  intense  colds,  as  they  lower 
that  point  to  a  much  greater  extent. 

This  also,  in  some  measure,  determines  the  proportions 
in  which  the  substances  should  be  mixed  together  j  thos 
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being  best,  in  which  the  action  shall  be  most  rapid,  with- 
out being  at  the  same  time  too  energetic  to  evolve  heat 
from  the  combination  ;  and  in  which  the  resulting  solu- 
tion is  of  that  strength,  that  is  least  liable  to  congeal  or 
crystallize.  A  little  salt  added  to  water,  depresses  its 
freezing  point  only  a  few  degrees  ;  and  therefore,  to  add 
a  small  portion  of  it  to  snow,  cannot  produce  much  cold  ; 
for  were  it  even  to  liquefy  the  snow,  the  liquid  would  soon 
congeal;  while,  when  added  until  the  water  is  saturated, 
that  is  in  the  proportion  of  1  of  salt  to  2|  of  snow,  the 
freezing  point  is  lowered  to  — 6^  ;  and  therefore,  by  ad- 
ding it  in  that  proportion  to  snow,  nearly  that  tempera- 
ture 1  attained.  To  add  it  in  larger  quantity  must  be 
superfluous,  as  merely  adding  to  the  matter  which  is  to 
be  cooled. 

In  the  following  Table,  I  have  stated  the  powers  of  the 
different  freezing  mixtures,  or  the  reductions  of  temper- 
ature which  may  be  accomplished  by  the  different  combi- 
nations that  have  been  employed,  as  they  are  determined 
by  the  two  chemists  who  have  made  the  greatest  number 
of  experiments  on  this  subject.  Walker  and  Lowitz. 
The  experiments  of  other  chemists  differ  so  little  from 
these,  that  to  give  them  a  place  would  be  to  extend 
the  table  without  any  advantage.  The  proportions  of 
the  substances  are  not  given  by  Lowitz,  but  from  the 
context  (Annales  de  Chimie,  t.  xxii.  p.  300.)  they  ap- 
pear to  have  been  in  general  equal  parts. 
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50   to     4  W. 


50  to 
50  to 


4-  W. 
0  W. 


Temperature  reduced. 

Muriate  of  ammonia,  5  parts,  nitrate  of 

potassa  5,  water  16,  from  50"  to  10°  W. 

Muriate  of  ammonia,  5  parts,  nitrate  ofT 
potassa  5,  sulphate  of  soda  8,  water  > 
16,  \ 

Nitrate  of  ammonia  1,  water  1, 

Sulphate  of  soda  8,  muriatic  acid  5, 

Sulphate  of  soda  5,  sulphuric  acid  diluted  1 
with  an  equal  weight  of  water  4<  parts,  J 

Sulphate  of  soda  3,  nitric  acid  diluted") 
with  an  equal  weight  of  water  2,     ^  j 

Nitrate  of  ammonia  1,  carbonate  of  sodal 
1,  water  1,  j 

Sulphate  of  soda  6,  muriate  of  ammonia  T 
4,  nitrate  of  potassa  2,  diluted  nitric  > 
acid  as  above,  4,  J 


50  to  3 
50  to  -3 
50  to  -7 


W. 
W. 
W. 


50   to -10  W. 


Phosphate  of  soda  9,  diluted  nitric  acid! 
4,  S 

50 

to 

-12 

w. 

Sulphate  of  soda  6,  nitrate  of  ammonia  5,7 
diluted  nitric  acid  4,  5 

50 

to 

-14 

VV. 

Phosphate  of  soda  9,  nitrate  of  ammonia") 
6,  diluted  nitric  acid  4,  J 

50 

to 

-21 

w. 

Muriate  of  soda  1,  snow  2  parts, 

32 

to 

-5 

w. 

Carbonate  of  ammonia  dry,  snow. 

32 

to 

-6 

L. 

Nitric  acid  diluted,  snow 

32 

to 

-10 

I., 

Concentrated  sulphuric  acid,  snow. 

32 

to 

-lOi 

L. 

Muriate  of  soda  2,  muriate  of  ammonia  1 
1,  snow  5,  J 

32 

to 

-12 

W. 

Soda  crystallized,  snow. 

32 

to 

-15 

L. 

Potassa  deprived  of  its  water  of  crystaUi-l 
zation,  (lapis  causticuG),  snow,  3 

32 

to 

-15 

L. 

Concentrated  acetous  acid,  snow, 

32 

to 

-17 
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Temperature  reduced. 


Jarbonate  of  potassa,  snow,  from 

32° 

to- 

1 HQ 

-17° 

Nitrate  of  lime,  snow, 

32 

la- 

-17 

L. 

Oxymiiriate  of  antimony,  snow. 

32 

to 

-17 

L. 

Muriate  of  soda  10,  nitrate  of  potassa  5,1 
snow,  24,  J 

32 

to  ■ 

-18 

W. 

Muriate  of  magnesia,  snow, 

32 

to 

-22 

L. 

aulphuric  acid  diluted  with  one-half  its! 
weight  of  water,  2  parts,  snow  3  parts,  J 

32 

to  • 

-23 

Muriate  of  soda  5,  nitrate  of  ammonia  5,1 

snnw  1  ^*  1 

32 

to 

-25 

w. 

Acetite  of  potassa,  snow. 

32 

to 

-26 

,L. 

Muriate  of  iron,  snow, 

32 

to 

-27i  L. 

Concentrated  muriatic  acid  5,  snow  8, 

32 

to 

-27 

W. 

Muriatic  acid  and  snow, 

32 

to 

-30 

L. 

Concentrated  nitrous  acid  4,  snow  7} 

32 

to 

-30 

W. 

Nitrous  acid  and  snow. 

32 

to 

-22 

L. 

concentrated  solution  oi  potassa,  snow, 

32 

to 

-30 

L. 

Munate  or  hme  5,  snow  4, 

32 

to  -40 

W. 

 3,  2, 

32 

to 

-50 

W. 

 .  5,  3, 

32 

to 

-53 

L. 

Potassa  4,  snow  3, 

[32 
f_32 

to 
to 

-51 
-53^ 

W. 

Muriate  of  lime  2,  snow  1, 

0 

to 

-66 

w. 

— ■  3,  snow  1, 

40 

to 

-73 

w. 

Sulphuric   acid   diluted   with  half  its') 
weight  water  10,  snow  8,  \ 

68 

to 

-91 

w. 

476' 


SCALE  OF  TEMPERATU Ul';. 


Having  stated  every  fact  of  importance  with  regard  to  the 
range  of  temperature,  natural  or  artificial,  I  shall  conclude 
the  liistory  of  Cajoric  with  the  Table  which  follows,  ex- 
hibiting the  principal  points  that  have  been  marked  in  the 
scale  of  beat. 


Wedg. 

Fahren. 

Extremity  of  the  scale  of  Wedgwood's 

ther- 

• 

momcter          -          -          -  ' 

-  240° 

32277". 

Greatest  heat  of  an  air  furnace  8  inches  in 

dia- 

meter,  which  neither  melted  nor  softened 

Nankeen  porcelain           -  ' 

2lbn 

Chinese  porcelain  softened,  best  sort 

21357 

x^cibL  irUll   UllUI  UU V  HAY  Illt-lUtU  • 

150 

20577 

Hessian  crucible  melted 

xO\J 

20577 

Bristol  porcelain  not  melted 

1  CIS 

loo 

18627 

v>asL  iron  Degins  to  ineiL 

17977 

125 

17327 

A  laie  glass  lUTtnace  ^sciongehi  iiedt^ 

124- 

i/iy  / 

Bow  porcelain  vitrifies 

121 

16807 

Chinese  porcelain  softened,  inferior  sort 

120 

16(577 

Flint  glass  furnace  (strongest  heat) 

114 

looy  ( 

Derby  porcelain  vitrifies 

•  112 

15637 

Chelsea  porcelain  vitrifies 

105 

Stone-ware  baked  in 

102 

14337 

Welding  heat  of  iron,  greatest 

95 

13427 

Worcester  porcelain  vitrifies 

94 

13297 

Welding  heat  of  iron,  least 

90 

12777 

Cream-coloured  ware  baked  in 

86 

12257 

Flint  glass  furnace  (weak  heat) 

70 

10177 

Working  heat  of  plate  glass 

.  57 

8487 

Delft  ware  baked  in     * '  - 

41 

6407 

Fine  gold  melts . 

32 

5237 

Settling  heat  of  flint  glass 

294 

847 
4717 

Fine  silver  melts 

28 

Swedish  copper  melts 

27 

4587 
3937 

Silver  melts  (Dr  Kennedy) 

22 
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Wedg.  Fahren. 

Brass  melts  .  .  .  2P  3807° 

Hecit,  by  which  enamel  colours  are  burnt  on  (3  1857 
Red-heat  fully  visible  in  day-light  *        -  0  1077 

Iron  red-hot  in  the  twilight  -  -  884 

Heat  of  a  common  lire  (Irvine)  -  -  790 

Iron  bright  red  in  the  dark  -  -  752 

Zinc  melts  -         -         -  -  -  700 

Quicksilver  boils  (Irvine)  -  -  672 

 (Dalton)        -  -  -  660 

 (Crichton)  -  -  655 

Lowest  ignition  of  iron  in  the  dark  -  -  635 
Linseed  oil  boils  -  -  -  600 

Lead  melts  (Guyton,  Irvine)  -  -  594- 

Sulphuric  acid  boils  (Dalton)  -  -  590 

The  surface  of  polished  steel  acquires  a  uniform  deep 

blue  colour  _  .  -  _  580 

Oil  of  turpentine  boils  -  -  -  560 

Sulphur  burns  -  -  -  .       •  _ — 

Phosphorus  boils  -  -  -  554 

Bismuth  melts  (Irvine)  -  -  -  476 

The  surface  of  pohshed  steel  acquires  a  pale  straw  colour  460 
Tin  melts  (Crichton,  Irvine)  -  442 

A  mixture  of  3  parts  of  tin  and  2  of  lead  melts  ;  also  a 

mixture  of  2  parts  of  tin  and  1  of  bismuth  melts  334 
A  compound  of  equal  parts  of  tin  and  bismuth  melts  283 
Nitric  acid  boils  -  -  -  242 

Sulphur  melts  -  -  »  226 

A  saturated  solution  of  salt  boils  -  218 

Water  boils  (the  barometer  being  at  30  inches)  ;  also  a 
compound  of  5  parts  of  bismuth,  3  parts  of  tin,  and  2 
parts  of  lead,  melts  -  .  '212 

A  compound  of  3  parts  of  .tin,  5  of  lead,  and  8  of  bis- 
muth, melts  rather  below  -  210 


*  The  preceding  results,  with  the  exception  of  that  ascer- 
tained by  Dr  Kennedy,  are  on  the  authority  of  Wedgwood. 
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Valutti. 

Alkohol  boils  ...  174;'> 

Bees  wax  melts  •  .  ,  -      .,  142 

Spermaceti  melts  -  -  . 

Phosphorus  melts  -  .  ,  jqO 

Ether  boils,  -  _  _  ,  -  98 

Heat  of  the  human  blood,  -  -  98 

Medium  temperature  of  the  globe,  -  -  50 

Ice  iHcIts  -  .  .  32 

Milk  freezes,  -  -  -  -  30 

Vinegar  freezes  at  about  -  -  28 

Strong  wines  freeze  at  about  -  -  20 

A  mixture  of  1  part  of  alkohol  and  3  parts  of  water 

freezes  -  -  _  7 

A  mixture  of  alkohol  and  water  in  equal  quantities 

freezes  -  -  -  -  __7 

A  mixture  of  2  parts  of  alkohol  and  1  of  water  freezes  —11 
Melting  point  of  Quicksilver  (Cavendish)  .         — 39 

Liquid  ammonia  crystallizes  (Vauquelin)  -'  -  — 42 
Nitric  acid,  spec.  gr.  about  1.42,  freezes  (Cavendish)  —-45 
Sulphuric  ether  congeals  (Vauquelin,)  -  — 47 

Natural  temperature  observed  by  Mr  Hutchins  at  Hud- 
son's Bay,  _  .  -  — 50 
Ammoniacal  gas  condenses  into  a  liquid  (Giiyton,)       — 54 
Nitrous  acid  freezes  (Vauquehn,)        -              -       — 56 
Cold  produced  from  diluted  sulphuric  acid  and  snow, 

the  materials  being  at  the  temperature  of  — 57  —78* 
Greatest  artificial  cold  yet  measured  (Walker)  . — 91 
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CHAP.  II. 

OF  LIGHT. 

Light,  like  Caloric,  is  an  agent  too  Subtle  to  admit  o£ 
ts  combinations  being  accurately  traced.     We  know 
hat  it  exists  in  some  substances  as  a  constituent  princi- 
)le,  since  it  is  disengaged  from  them  when  they  enter 
nto  new  combinations  ;  but  we  are  unable  to  obtain,  in  a 
leparate  state,  the  bases  with  which  it  is  combined.  In 
ts  chemical  history,  therefore,  we  can  state  only  the  ef- 
ects  it  produces,  the  circumstances  connected  with  its 
ibsorption  and  evolution,  and  the  results  of  the  researches 
hat  have  been  made  with  regard  to  its  nature  and  consti- 
ution.  Though  a  material  principle,  it  may  without  im- 
jroprlety  be  considered  as  a  power  producing  repulsion, 
ts  particles  are  repellent,  and  from  its  chemical  effects, 
t  is  not  improbable  that  it  acts  on  bodies  in  part  at  least 
)y  its  repulsive  force. 

The  materiality  of  this  agent  is  sufficiently  proved.  Its 
notion,  though  inconceivably  rapid,  is  progressive,  and 
may  be  measured  ;  it  may  be  stopt  in  its  progress,  or  its 
Urection  may  be  changed  ;  it  may  be  condensed  into  a 
imaller  or  dispersed  over  a  larger  space  ;  it  is  inflected 
^'hen  passing  near  to  any  body,  which  proves  it  to  be  sub- 
ect  to  gravitation  •,  it  produces  chemical  changes  in  many 
jodies,  exists  in  them  in  a  state  of  combination,  and  is 
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disengaged  by  the  exertion  of  new  affinities^  when  it 
pears  in  its  original  form. 

Two  opinions  have  been  maintained  with  regard  to  tht 
nature  of  Light,  both  admitting  its  materiality.  Descar- 
tes and  Huyghens  supposed  that  the  phenomena  it  pre- 
sents arise  from  vibrations  propagated  through  an  extreme- 
ly rare  and  elastic  fluid,- which  is  diffused  through  all 
space,  and  in  which  fluid  luminous  bodies  have  the  power 
of  exciting  these  vibratory  motions,  as  sonorous  bodies  . 
have  the  power  of  exciting  vibrations  in  the  air, — an  hy-  • 
pothesis  which  Euler  afterwards  embraced.  Newton,  on 
the  contrary,  regarded  light  as  an  emanation  of  particles 
of  extreme  minuteness,  projected  in  right  lines  from  the 
sun,  and  from  all  luminous  bodies,  and  moving  with  ex- 
treme velocity.    The*  opinion  of  Newton  has  been  go-  - 
nerally  received.     It  accords  better  than  the  other  with  i 
the  phenomena  of  optics,  and  appears  to  be  established  by  r 
the  chemical  agencies  which  light  exerts,  its  fixation  irr 
bodies,  and  its  subsequent  evolution. 

If  this  opinion  be  received,  it  is  obvious  that  the  mi-  • 
nuteness  of  the  particles  of  light  must  be  astonishingly 
great,  and  the  imagination  requires  even  some  aid  to  be  j 
able  to  form  any  conception  of  it.    «  There  is  no  physi-  - 
cal  point,"  says  Melville,  *'  in  the  visible  horizon,  which 
does  not  send  rays  to  every'other  point  j  no  star  in  the  I 
heavens  which  does  not  send  light  to  every  other  star. 
The  whole  horizon  is  filled  with  a  sphere  of  rays  from  e--| 
very  point  in  it,  and  the  whole  visible  universe  with  a  I 
sphere  of  rays  from  every  star.    In  short,  for  any  thing  I 
we  know,  there  are  rays  of  light  joining  every  two  phy- 
sical  points  in  the  universe,  and  that  in  contrary  directions. 
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except  where  opaque  bodies  intervene."  How  great,  then, 
must  be  the  subtilty  of  these  particles,  to  prevent  their 
interrupting  each  other;  and  at  what  an  immense  distance 
must  each  particle  in  a  ray  be  placed  ?  This  will  be  ap- 
parent, if  we  consider  the  course  of  a  ray  of  light  from 
any  of  the  remoter  fixed  stars  to  the  human  eye.    It  has 

0  pass  in  every  part  of  the  intermediate  space  between 
:lie  point  from  which  it  has  been  projected,  and  our  sor 
'  ir  system,  through  rays  of  light  flowing  in  all  directions 

:  om  every  fixed  star  in  the  universe  and,  in  reaching 
ihis  earth,  it  has  passed  across  the  whole  ocean  of  the  so- 
lar light,  and  that  light  which  is  emitted  from  the  planets, 
satellites,  and  comets.  Yet  in  this  course  its  progress  has 
not  been  interrupted. 

The  minuteness  of  the  particles  of  light  may  also  be 
estimated  by  the  velocity  with  which  they  move.  From 
astronomical  observations,  it  appears  that  light  moves  at 
the  rate  of  nearly  200,000  miles  in  a  second  ;  a  particle 
of  light  projected  from  the  sun  arriving  at  the  earth  in  a- 
bout  8^  minutes.  Were  not  its  particles  inconceivably 
^inute,  their  momentum,  arising  from  such  velocity  of 
motion,  must  be  such  as  to  destroy  every  substance  on 
which  they  impinge.  Yet  it  is  doubtful  whether  the  mo- 
inentum  they  do  possess  Is  such  as  to  be  capable  of  being 
ascertained  by  the  most  delicate  mechanical  contrivance. 
From  an  experiment  of  this  kind,  it  has  been  calculated 
that  the  quantity  of  matter  in  the  rays  of  light  collected 
by  a  concave  mirror,  of  two  feet  in  diameter,  would  not 
amount  to  more  than  one  twelve  hundred  millionth  part 
■of  a  grain  ;  and  how  many  particles  of  light  must  be  in 
these  accumulated  rays  ? 

Vol..  I.  H  h 
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The  particles  of  light,  hke  those  of  caloric,  appear  f 
repel  each  other.   So  perfect  is  its  elasticity,  that  it  is  re-  ,• 
fleeted  from  a  body  at  an  angle,  equal  to  the  angle  of  it 
incidence.     It  is  subject  to  that  attraction  which  is  ex-  . 
erted  between  masses  of  matter,  as,  when  passing  near  to  » 
a  body,  it  is  inflected  towards  it ;  and  in  passing  obliquely 
from  one  medium  into  another,  it  is  turned  from  the  di-  ■ 
rect  course  in  which  it  was  proceeding.    If  it  pass  from  i 
a  more  rare  into  a  denser  medium,  it  is  bent  towards  the ; 
perpendicular  ;  if  from  a  denser  to  a  rarer  medium,  the  : 
reverse;  the  degree  in  which  this  takes  place  being  diffe-- 
rent,  according  to  the  density  and  the  nature  of  the  me-  • 
dium.    This  is  named  the  refraction  of  light. 

Newton  made  the  capital  discovery,  that  a  ray  of  light  t 
Is  not  homogeneous,  but  consists  of  various  rays,  which) 
being  differently  refrangible,  are  separated  from  each  o-- 
ther  when  an  entire  ray  of  light  is  made  to  fall  on  a  re- - 
fracting  medium  at  a  great  angle  of  incidence.    By  thuss 
passing  a  ray  of  white  light  through  a  triangular  glass  s 
prism,  it  is  divided  into  seven  rays,  distinguished  by  the? 
power  of  exciting  the  sensations  of  difl'erent  colours,  red, , 
orange,  yellow,  green,  blue,  indigo  and  violet.    Of  these: 
the  red  is  the  least  refrangible,  and  therefore  falls  on  a: 
space  least  distant  from  that  which  the  entire  ray  of  light 
would  have  fallen  on,  had  it  passed  through  the  prism 
without  decomposition,  or  without  having  its  direction 
changed.  The  violet  is  the  most  refrangible  ;  it  therefore 
is  at  the  greatest  distance ;  these  two  bounding  the  space 
•which  the  rays  occupy,  or  the  prismatic  spectrum  as  it  is 
termed,  the  others  being  arranged  in  the  order  above 
Stated,  and  occupying  unequal  spaces  in  the  spectrum". 
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They  are  not  perfectly  well  defined,  but  each  passes  in- 
sensibly into  the  contiguous  one.  By  separating  each  of 
these  rays,  and  again  transmitting  it  through  a  prism,  it  is 
refracted,  but  without  suffering  any  farther  change. 

It  has  often  been  supposed,  that  of  the  seven  coloured 
rays  into  which  a  beam  of  light  is  resolved  by  refraction, 
some  are  primary,  and  by  their  intermixture  constitute 
the  others.  The  unchangeableness  of  each  of  these  se- 
ven rays  by  a  second  refraction,  which  has  been  consider- 
ed as  adverse  to  tliis  opinion,  it  is  justly  remarked  by 
Prieur,  is  not  inconsistent  with  it ;  for  if  any  coloured  ray- 
be  formed  of  othpr  two  rays,  these  must  be  of  the  same 
refrangibility,  since  it  is  only  from  this  coincidence  that 
they  could  be  in  the  same  place  of  the  prismatic  spectrum 
to  form  the  compound  ray,  and  of  course  a  second  re- 
fraction cannot  be  supposed  capable  of  separating  them. 

The  red,  yellow  and  blue  were  usually  considered  as 
primary  rays,  as  byl^the  intermixture  of  these  colours  the 
others  are  produced  •,  red  with  yellow  giving  orange  j 
yellow  with  blue  forming  green ;  and  blue  with  red  indi- 
go. Prieur  has  more  lately  advanced  the  hypothesis,  that 
the  red,  green  and  violet  are  the  primary  rays  ;  the  red, 
and  green  form,  when  the  red  predominates,  orange  ; 
when  the  green  predominates,  yellow ;  the  green,  and  vio- 
let form  blue ;  and  the  violet  and  red,  purple, — and  thus 
the  seven  prismatic  rays,  and  all  their  intermediate  tints, 
may  be  obtained.  The  mode  of  proof  by  which  Prieur 
has  endeavoured  to  support  this  hypothesis,  is  the  follow- 
ing. He  takes  the  example  of  one  of  the  rays,  which  he 
considers  as  compound :  suppose  it  to  be  the  blue,  which 
is  assumed  to  be  a  compound  of  green  and  violet  rays, 
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and  proceeds  on  the  following  reasoning  :  On  the  6upp 
sition  that  there  exist  no  simple  rays  of  blue,  but  t'- 
the  blue  ray  consists  of  rays  of  green  and  violet,  if  w 
prevent  the  arrival  of  rays  to  the  part  of  the  spectru 
which  the  blue  usually  occupies,  by  interposing  either  a 
substance  that  allows  only  the  green  rays  to  pass,  or  on 
that  admits  a  passage  to  the  violet  onJy,  we  shall  find  be- 
yond this  substance  only  green  or  violet ;  otherwise,  sup- 
posing the  blue  to  be  simple,  they  will  pass  through  nei^ 
ther  of  the  substances,  and  of  course  we  shall  have  in  that 
part  nothing  but  black.  The  same  reasoning  applies  to 
■the  otlier  rays  supposed  to  be  compound,  and  on  submit- 
ting it  to  experiment  the  results  accorded  with  the  hy- 
pothesis, in  a  variety  of  trials.  What  farther  confirmed 
it,  was,  obtaining  white  light  by  combining  the  red,  green, 
and  blue  rays  *. 

The  coloured  rays  differ  not  only  in  refrangibility,  but 
In  their  other  properties.  Dr  Herschel  has  shewn  that 
their  Illuminating  powers  are  unequal.  By  employing 
the  microscope,  and  causing  the  different  coloured  rays  to 
fall  successively  on  an  object  under  it,  he  found,  "  with 
respect  to  the  illurninating  power  assigned  to  each  colour, 
that  the  red-making  rays  are  very  far  from  having  it  in 
any  eminent  degree.  The  orange  possess  more  of  it  than 
the  red  ;  and  the  yellow  rays  illuminate  objects  still  more 
perfectly.  The  maximum  of  illumination  lies  in  the 
brightest  yellow  or  palest  green.  The  green  itself  is 
nearly  equally  bright  with  the  yellow  •,  but  from  the  full 
deep  green,  the  illuminating  power  decreases  very  sensi- 


*  Nicholson's  Journal,  vol.  xvii,  p.  18. 
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bly.  That  of  the  blue  is  nearly  upon  a  par  with  that  of 
the  red  ;  the  indigo  has  much  less  than  the  blue  ;  and  the 
violet  is  very  deficient  *."  These  rays  exert  also  different 
chemical  agencies. 

T^e  difFerences  in  the  coloured  rays,  so  far  as  they 
were  known  to  Newton,  were  supposed  by  him  to  de- 
pend on  the  different  magnitudes  of  their  particles,  the 
red  being  supposed  to  consist  of  particles  of  the  largest 
size.  By  others  they  have  been  ascribed  to  the  differ- 
ent velocities  with  which  they  are  projected  from  the 
luminous  body  j  the  red  moving,  it  is  supposed,  with 
the  greatest,  the  violet  with  the  least.  With  whatever 
probability  these  hypotheses  may  explain  optical  phe- 
nomena, they  scarcely  afford  an  explanation  of  the  fact 
that  these  rays  differ  not  only  in  their  mechanical  pro- 
perties, and  in  the  sensations  of  vision  which  they  excite, 
but  likewise  in  their  chemical  powers. 

The  rays  of  light  have  different  relations  to  different 
bodies.  Through  some  they  pass  with  scarcely  any  in- 
terruption :  these  are  transparent,  or  diaphanous,  and, 
according  to  Newton,  consist  of  particles  which  are  ar- 
ranged with  uniformity,  and  are  of  equal  density,  so  that 
th^  ray- of  light  meets  with  no  obstacle,  and  is  not  at- 
tracted from  its  course.  By  some  bodies  the  greater 
part  of  the  rays  which  fall  on  their  surface  are  immedi- 
ately reflected.  Some  reflect  one  ray  retaining  the 
others,  which  gives  rise  to  the  different  colours  bodies 
exhibit ;  and,  lastly,  there  are  some  by  which  the  light  is 
absorbed,  and  in  which,  by  numerous  reflections  and 


*  Philosophical  Transactions  for  1800,  p.  267. 
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refractions  In  their  pores,  it  is  lost,  constituting  blau.- 
ness. 

Light  can  also  form  a  more  intimate  union  with  bo- 
dies, and  be  retained  in  them  by  a  stronger  attraction. 
Of  this  there  appear  to  be  different  degrees.  In  many 
cases  it  is  absorbed  without  producing  any  change  in 
the  qualities  of  the  body,  and  is  again  slowly  given  out; 
in  others  it  occasions  alterations  of  temperature  and  of 
composition,  or  acts  as  an  important  chemical  power. 

The  first  of  these  cases  constitutes  Phosphorescence. 
There  are  a  number  of  substances  which,  on  being  ex- 
posed to  the  solar  rays,  appear  luminous  when  removed 
to  a  dark  place,  and  continue  to  emit  light,  for  some 
time.  The  luminous  appearance  becomes,  however, 
gradually  fainter  in  all  of  them,  and  at  length  ceases,  but 
it  is  renewed  without  any  abatement  by  exposing  them, 
again  to  the  light  of  the  sun.  The  bodies  possessing  this 
property  are  termed  Phosphori,  or  Solar  Phosphori,  to 
distinguish  them  from  an  inflammable  substance,  named 
Phosphorus,  which  is  of  a  quite  different  nature. 

This  phosphorescent  property  was  first  observed  in  a 
fossil  named  the  Bolognian  Stone  (a  natural  sulphate 
of  barytes).  Margraaf,  Du  Fay,  and  others,  discovered 
a  number  of  other  substances  which  possessed  the  sam? 
quality  in  a  greater  or  less  degree;  and  Beccaria  and 
Wilson  found  that  almost  every  kind  of  matter  in  a  so- 
lid state,  the  metals  and  a  few  other  bodies  excepted, 
might  be  made  to  emit  light,  by  being  exposed  to  the 
solar  rays. 

There  is  a  great  difference  among  these  bodies,  in  the 
quantity  of  light  which  they  emit,  under  the  same  cir- 
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rumstances.  The  shells  of  marine  animals,  the  bones  of 
■and  animals,  some  of  the  gems,  marbles,  limestone, 
nilphate  of  barytes,  fluor  spar,  and  other  combinations 
of  earths  with  acids,  are  the  most  powerful  natural  phos- 
phori ; — sugar,  white  paper,  and  linen,  possess  the  same 
quality  in  an  eminent  degree.  In  general  white  bodies 
are  more  powerfully  phosphorescent  than  those  of  a  dark 
colour,  though  to  this  there  are  many  exceptions,  and 
there  are  some  perfectly  white  which  have  scarcely  any 
of  this  property. 

Artificial  solar  phosphori  may  be  prepared,  which  e- 
mit  more  light,  and  for  a  longer  time  than  the  natural 
phosphori.  Of  this  kind  is  the  Bolognian  phosphorus, 
rhe  substance  which  was  first  discovered  to  possess  this 
property.  The  Bolognian  stone  is  merely  a  sulphate  of 
barytes.  Any  variety  of  this  fossil  that  is  pure  answers 
the  purpose  equally  well.  A  quantity  of  it  is  made  red 
Iiot  in  a  crucible,  and  is  reduced  to  a  very  fine  powder 
in  a  stone  or  glass  mortar  (a  metallic  one  being  absolute- 
ly unfit).  This  powder  is  made  into  a  paste  with  mu- 
cilage of  tragacanth,  and  divided  into  thin  cakes,  which 
are  to  be  dried  with  a  gentle  heat,  gradually  increased. 
A  furnace  is  then  to  be  filled  with  pieces  of  charcoal  to 
three-fourths  of  its  height,  and  the  fire  kindled.  Upon 
this  are  laid  the  flat  cakes,  and  more  charcoal  is  placed 
over  them  so  as  to  fill  the  furnace.  The  fire  is  to  be 
continued  till  all  the  fuel  is  consumed  ;  the  cakes  are 
then  to  be  cleaned  from  the  ashes  by  blowing  on  them 
with  bellows.  They  are  to  be  kept  excluded  from  the 
air.  When  exposed  for  a  minute  or  two  to  the  open 
'  H  h  4, 
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air  in  a  clear  light,  they  appear  highly  luminous  wiici 
removed  to  the  dark.  |) 

Another  artificial  solar  phosphorus  is  that  termc 
Baldwin's.    It  is  nitrate  of  lime  which  has  been  expos- 
,  ed  to  a  red  heat  in  art  earthen  vesssel.    Its  phosphor- 
escence is  much  inferior  to  that  of  the  former. 

The  most  powerful  of  the  artificial  solar  phosphori  is< 
that  named  Canton's,  which  is  a  sulphuret  of  lime.  Tor 
prepare  it,  oyster-shells,  freed  from  their  impurities  byv 
washing,  are  exposed  to  a  red  heat  in  a  common  fire  for: 
half  an  hour  ;  the  purest  part  is  separated  and  pounded.i 
in  a  stone  mortar.  Three  parts  of  this  powder  are  mix-., 
ed  with  one  of  sulphur  ;  this  mixture  is  pressed  into  m 
crucible  till  it  be  almost  full ;  it  is  placed  in  the  middle* 
of  a  fire,  and  kept  red  hot  for  one  hour  at  least.  Whem 
it  is  cold  the  mass  is  broken,  and  the  whitest  parts  scrapedd 
off  for  •vse  *.  Or  what  is  recommended  in  preference  too 
this  by  Dr  Higgins,  the  oyster-shells,  after  being  calcinedt 
without  being  reduced  to  powder,  are  to  be  put  into  thee 
crucible  in  alternate  layers  with  sulphur,  and  exposed  too 
the  requisite  heat.  This  phosphorus,  after  it  has  beenn 
exposed  for  a  few  seconds  on  the  outside  of  a  window  too 
the  common  light  of  the  day,  appears  very  luminous  in  ai 
dark  place.  The  figures  on  the  dial-plate  of  a  watch  majff 
be  distinguished  by  its  light. 

The  phosphorescent  property  in  all  these  bodies  ap''- 
pears  to  be  the  same,  differing  only  in  degree,  and  also 
with  regard  to  some  of  them  in  the  light  they  emit ;  this 
is  generally  white,  but  is  frequently  also  yellow  or  red. 


*  Philosophical  Transactions,  vol.  Iviii.  p.  337. 
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Those  which  are  weak  require  to  be  exposed  to  the  solar 
rays  to  render  them  luminous,  and  some  even  to  the  rays 
concentrated  by  a  lens.  With  regard  to  the  stronger 
phosphori,  it  is  sufhcient  to  expose  them  to  clear  day-light 
for  one  or  two  minutes*,  after  this  exposure  they  are  equal- 
ly luminous  as  when  they  have  been  exposed  to  the  light 
of  the  sun,  and  they  continue  longer  so,  as  in  the  latter 
case  the  heat  which  they  at  the  same  time  receive  contri- 
butes to  expel  the  light  more  rapidly.  Some  can  be  illu- 
minated by  the  light  of  a  candle,  or  by  that  of  an  Argand's 
lamp  concentrated  by  a  mirror.  The  light  of  the  moon, 
or  that  emitted  from  other  phosphori  is  insufficient. 
The  exposure  of  a  few  seconds  to  the  light  is  sufficient 
to  illuminate  tliem,  and  when  they  are  exposed  for  a  long- 
er time  they  are  not  rendered  more  luminous.  Canton's 
phosphorus  is  rendered  highly  luminous  by  passing  over 
it  an  electrical  discharge  ;  and  Mr  Skrimshire  has  shewn, 
by  a  very  extensive  series  of  experiments,  that  a  great 
number  of  saline  and  earthy  substances  are  illuminated 
by  the  same  operation,  so  as  to  emit  light  for  several 
minutes  after  the  discharge  has  been,  communicated  *. 

The  state  of  phosphorescent  bodies,  with  respect  to 
temperature,  has  a  material  influence  on  their  property  of 
emitting  light.  It  is  extinguished  by  tha  cold  of  a  freez- 
ing mixture,  but  returns  as  the  temperature  rises.  If 
heat  is  communicated,  the  luminous  appearance  is  greater 
than  it  would  otherwise  be.  Beccaria  proved  this  by  a 
very  decisive  experiment.  He  filled  a  glass  tube  with 
founded  Bolognian  phosphorus,  and  after  exposing  it  to 
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the  light,  plunged  one  half  of  it  in  warm  water,  and  ob- 
served that  it  gave  light  more  copiously  than  the  part 
which  was  in  the  open  air.  When  a  piece  of  these  phos- 
phori  has  ceased  to  emit  light,  it  may  be  rendered  lu- 
mhious  by  heating  it.  When  the  luminous  appearance 
is  thus  promoted  by  heat,  it  ceases  however  proportion- 
ally sooner.  Mr  Canton  filled  two  glass-balls  with  his 
phosphorus ;  illuminated  them  at  the  same  time,  and  to 
the  same  degree  :  both  were  brought  into  a  dark  room, 
and  one  of  them  was  put  into  a  bason  of  boiling  water  ; 
the  phosphorus  in  it  shone  much  brighter  than  in  the 
other,  but  in  ten  minutes  it  became  quite  dark,  whereas 
the  other  continued  visible  for  two  hours  after ;  and  e\'en 
then  the  heat  of  the  hand  rendered  it  more  luminous. 
When  by  exposure  to  a  certain  degree  of  heat  the  phos- 
phorescent body  has  ceased  to  be  luminous,  if  kept  in 
darkness  it  gives  out  no.  more  light  by  that  degree  of  heat, 
but  it  may,  be  made  to  give  out  light  by  exposing  it  to  a 
still  higher**temperature.  By  a  temperature  somewhat 
below  ignition,  Canton's  phosphorus,  which  had  been 
kept  in  darkness  inore  than  six  months,  gave  a  consider- 
able light. 

These  facts,  and  the  general  phenomena  of  phospho- 
rescence, evidently  lead  to  the  opinion  that  the  phospho- 
rescent body  exposed  to  the  light  absorbs  part  of  it,  dif- 
ferent bodies  absorbing  different  quantities  ;  that  this 
light  is  again  gradually  emitted ;  and  that  its  expulsion  is 
accelerated  by  the  action  of  caloric. 

There  is,  however,  an  objection  to  this  theory.  Bec- 
caria,  on  exposing  pieces  of  solar  phosphor!  to  the  light 
transmitted  through  coloured  glasses,  affirmed,  that  the 
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same  light  was  again  given  out ;  that  if  the  light,  for  in- 
stance, had  been  transmitted  through  a  red  coloured  glass, 
the  phosphorus  on  being  removed  from  under  it  gave  out 
a  red  light  *.  Experiments  of  the  same  nature  had  been 
long  before  made  by  Du  Fay  f ,  but  with  the  opposite  re- 
sult ;  the  light  emitted  not  having  the  least  tint  of  the 
colour  of  the  glass  through  which  it  had  been  transmit- 
ted. They  were  repeated  by  Mr  Wilson  :  he  could  not 
discover  any  difference  in  the  kind  of  light  emitted  by  the 
phosphorescent  body,  from  such  an  arrangement  •,  and 
Beccaria  himself  afterwards  admitted,  that  he  had  been 
deceived.  Whether  the  light  be  transmitted  through 
coloured  glasses,  or  what  is  a  more  unexceptionable  mode 
of  conducting  the  experiment,  when  the  different  rays  are 
separated  by  the  prism,  and  thrown  upon  the  phospho- 
rescent body,  it  still  emits  the  same  light  which  it  does 
upon  merely  exposing  it  to  the  light  of  day.  If  a  piece, 
for  instance,  which  in  the  dark  gives  a  white  light,  have 
a  red  light  thrown  upon  it,  or  be  exposed  to  ai^y  other 
ray.  It  still  continues  to  give  out  an  uniform  white  light : 
or  if  a  piece  of  phosphorus,  which  naturally  exhibits  the 
prismatic  colours,  as  some  do,  be  exposed  to  a  white 
light,  or  to  any  particular  ray,  its  prismatic  appearance 
still  remains  the  same  %.  Nay,  what  is  still  more  singu- 
lar, when  a  specimen  is  selected  which  shines  with  a  par- 
ticular colour,  red  for  example,  if  the  red  ray  be  throw« 
upon  it,  it  shines,  according  to  Wilson,  very  feebly,  while 
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exposed  to  a  different  ray,  as  the  violet,  it  gives  Its  usual 
red  light  brilliantly  ;  with  the  blue,  the  same,  but  not  so 
vividly ;  and  with  the  green  less.  And,  on  the  contrary, 
if  a  piece  were  selected,  which  shone  with  a  blue  light,  it 
vi'as  feebly  excited  by  the  blue  ray,  but  strongly  by  the 
red  *.  These  facts  are  unfavourable  to  the  conclusion, 
that  the  light  which  phosphorescent  bodies  emit,  is  that 
which  they  had  previously  absorbed,  and  have  led  some 
to  infer  that  they  shine  by  emitting  their  own  light,  and 
that  exposure  to  light  is  only  necessary  to  excite  this,  and 
cause  it  to  be  thrown  off.  It  Is  not  improbable,  however, 
that  the  different  varieties  of  light  are  convertible  into 
each  other,  and  on  this  supposition  the  fact  may  be  ac- 
counted for,  in  conformity  with  the  common  theory  of 
phosphorescence. 

The  phosphorescent  property  Is  entirely  independent  of 
any  action  of  the  air,  as  any  of  these  bodies  is  equally  \u. 
minous  for  any  length  of  time,  when  kept  In  water  or  in 
a  glass  vessel  hermetically  sealed.  The  phosphorescence 
is  even  impaired  by  long  exposure  to  the  air,  though  this 
is  rather  to  be  ascribed  to  the  moisture  of  the  atmosphere, 
than  to  the  action  of  the  air  itself.  When  the  phospho- 
rescent matter  is  Included  in  a  glass  vessel,  hermetically 
sealed,  Mr  Canton  has  shewn,  that  the  property  remains 
Bnlmpalred  for  a  long  time,  (four  years),  the  luminous  ap- 
pearance being  produced  as  at  first  by  exposure  to  light ; 
but  if  a  little  water  be  included  with  it,  it  is  soon  entire- 
ly lost.  Alkohol  impaired  it  very  little,  and  ether  not  at 
all  f . 

*  Joum.  Physiq.  t,  xt.  p.  93. 
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Mr  Canton  has  remarked,  that  the  phenomena  which 
this  kind  of  phosphorescence  present,  are  favourable  to  the 
Newtonian  theory  of  light,  and  adverse  to  that  maintain- 
ed by  Euler  :  "  That  a  substance  shoald  either  give  light 
or  not,  when  its  parts  are  agitated  by  the  same  degree  of 
heatj  according  as  it  has  or  has  not  been  exposed  to  light 
for  a  few  seconds  of  time,  more  than  six  months  before, 
seems  plainly  to  indicate  a  strong  attraction  between  that 
substance  and  the  particles  of  light."  It  is  certainly  not 
easily  reconciled  with  the  opinion  of  illumination  depend- 
ing on  vibration. 

There  is  another  class  of  phosphorescent  bodies  which 
give  outlight  when  heated,  independent  of  any  previous 
exposure  to  light  of  any  kind  ;  this  property  is  much  di- 
minished at  each  time  the  light  is  emitted,  and  is  not  re- 
newed by  exposure  to  the  sun's  rays.  The  mode  of  shew- 
ing this  phosphorescence,  is  to  throw  a  small  quantity  of 
the  body,  reduced  to  powder,  on  a  plate  of  iron,  heated 
nearly  to  rednessKor  to  drop  it  into  any  hot  fluid,  as  wa- 
ter or  oil.  In  some  the  light  is  momentary  j  in  others  it 
lasts  for  several  minutes :  it  is  in  general  uncoloured, 
though,  from  various  bodies,  it  is  also  of  various  colours. 
Fluor  spar  is  the  most  powerful  phosphorescent  body  of 
this  family  ;  it  emits  a  beautiful  purple  light.  Next  to  it 
are  different  marbles,  feldspar,  quartz,  gems,  and  other 
earthy  fossils  ;  metals  are  much  inferior,  but  even  these 
give  out  more  light  in  this  way,  than  various  solar  phos- 
phori,  such  as  paper,  sugar,  and  different  salts.  The  lu- 
minous appearance  is  independent  of  the  action  of  the 
air,  and  is  of  the  same  intensity  when  they  are  heated  in 
the  exhausted  receiver  of  an  ^ir-pump,  or  in  diflferent 
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gases.    Even  liquids  give  the  same  light  when  poured  c 
a  hot  iron,  particularly  those  of  an  oily  nature,  as  Brug- 
natelli  has  observed. 

Attrition  also  excites  phosphorescence  in  some  bodies. 
It  has  been  long  knov/n,  that  some  of  the  gems  when  rub- 
bed shine  brightly.  Two  pieces  of  quartz  rubbed  against 
each  other  become  luminous  on  the  surface.  And  in  some 
fossils,  as  the  tremolite,  the  phosphorescent  property  has 
been  found  so  great,  that  friction  from  a  feather  is  suf- 
ficient to  excite  it. 

Mr  Wedgwood,  by  whom  a  number  of  experiments  was 
made  on  the  phosphorescence  from  heat  and  from  attri- 
tion *,  found,  that  if  the  attrition  is  strong,  the  light  e- 
mitted  is  much  greater.  By  applying  a  piece  of  agate  to 
the  circumference  of  a  wheel  of  grit,  on  causing  it  to  re- 
volve at  a  moderate  rate,  the  agate  where  it  touches  the 
stone  becomes  red  hot  •,  if  the  wheel  revolve  at  a  quicker 
rate,  the  touching  point  emits  a  pure  white  light  and 
glowing  sparks  ;  rock  crystal,  glass,  and  other  bodies,  are 
in  the  same  way  rendered  equally  luminous.  In  general, 
colourless  and  transparent  bodies,  whose  surfaces  become 
rough  by  rubbing,  give  most  light.  The  light  is  from 
some  bodies  colourless,  and  from  others  coloured  of  va- 
rious shades.  It  is  equally  bright  in  the  different  kinds  of 
air,  and  even  under  water.  Mr  Wedgwood  shewed  also 
that  it  is  not  electrical,  as  on  rubbing  two  pieces  of  quartz 
together,  and  applying  them  to  the  fine  down  of  a  feather, 
the  down  is  not  sensibly  affected.  He  supposes,  that  at- 
trition excites  phosphorescence  entirely  by  the  heat  it  oc- 
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casions  ;  this  heat  is  momentary,  and  confined  to  the  rub- 
bed surface,  but  it  may  be  sufficiently  high  to  produce  the 
phosphorescent  appearance.  An  experiment  has  been 
stated  by  Mr  Davy,  which  is  unfavourable  to  this  hypo- 
thesis. That  if  fluor-spar,  as  well  as  some  other  bodies,  be 
heated  until  they  are  no  longer  phosphorescent  on  a  fresh 
application  of  heat,  they  still  give  light  by  collision.  Bour- 
non  has  observed,  too,  that  there  are  fossils  which  are 
Tendered  phosphorescent  only  by  friction,  as  quartz  or  co- 
rundum i  others  only  by  heat,  as  carbonate  of  strontites, 
or  of  barytes,  while  there  are  many  which  become  phos- 
phorescent from  either  cause,  as  phosphate,  fluate,  and 
many  varieties  of  carbonate  of  lime  *.  The  very  slight 
friction,  also,  which,  is  sufficient  to  render  some  bodies 
highly  luminous,  is  a  fact  unfavourable  to  the  opinion  of 
the  evolution  of  the  light  being  owing  to  the  heat  which 
attrition  excites.  ' 

A  light,  analogous  to  phosphorescence,  is  produced  in 
some  bodies  by  chemical  action.  It  is  observed,  when 
magnesia,  or  lime,  or  pure  potash,  is  thrown  into  the  mi- 
neral acids,  as  well  as  in  the  rapid  slaking  of  quicklime  by 
the  affusion  of  water  f .  Dize  has  shewn,  that  it  is  ac- 
companied with  elevation  of  temperature  |. 

There  remains  to  be  noticed  one  other  kind  of  phos- 
phorescence, that  exhibited  by  animal  matter,  either  in 
a  living  or  dead  state.  Marine  animals  are  remarkable 
for  this  property ;  almost  every  kind  of  marine  fish,  after 

*  Nicholson's  Journal,  vol.  ii.  p.  290. 

f  Mcmoires  de  Chimie  de  Pellctier,  t.  i.  p.  35. 

X  Journal  de  Physique,  t.  xlix.  p.  177. 
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having  been  removed  a  short  time  from  the  water,  being 
more  or  less  luminous  In  the  dark,  and  some  of  them 
shining  with  great  brightness  for  three  or  four  days.  The 
flesh  of  some  quadrupeds  has  likewise  been  observed  to 
emit  light ;  and  a  similar  light  is  afforded  by  certain  ve- 
getable substances,  as  by  decayed  wood,  or  peat-earth. 

This  species  of  phosphorescence  had  been  made  the 
subject  of  experiment  by  Boyle  *,  afterwards  by  Canton  f , 
and  more  recently  by  Dr  Hulme  |.  The  principal  facts 
with  regard  to  it  have  thus  been  ascertained. 

This  light  does  not  appear,  unless  in  a  few  instances, 
xuitil  the  animal  has  been  for  some  time  deprived  of  life  j 
it  is  always  apparent,  however,  before  there  are  any  signs 
of  putrefaction.  A  certain  degree  of  putrefaction  does 
not  seem  incompatible  with  it,  as  appears  from  the  expe- 
riments of  Mr  Canton  ;  but,  according  to  Dr  Hulme, 
*'  as  soon  as  a  great  degree  of  putrescence  has  taken  place, 
the  luminous  property  of  the  fishes  is  destroyed,  and  the 
light  extinguished."  He  has  also  remarked,  that  in  the 
instances  recorded  of  the  flesh  of  land  animals  being  phos- 
phorescent, it  appears  to  have  been  always  in  a  fresh  state. 

The  luminous  matter  of  these  substances  may  be  sepa- 
rated from  them,  and  preserved  for  a  time  by  certain  pro- 
cesses. Canton  observed,  that  sea-water,  or  a  solution  of 
salt  prepared  of  a  certain  strength,  became  luminous,  from 
the  substance  of  a  fresh  herring  having  been  immersed  in 
it.    Dr  Hulme  found,  that  other  saline  solutions  acted  as 


*  Boyle's  Works,  vol.  iii.  p.  157. 

f  Philosophical  Transactions,  vol.  lis.  p.  416. 
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olvents  of  this  luminous  matter.  About  foul-  drachms 
of  the  substance  of  a  fresh  herring  were  put  into  a  solu- 
tion of  2  drachms  of  sulphate  of  magnesia  in  2  ounces  of 
cold  water.  On  examining  the  liquor  the  second  evening, 
a  lucid  ring  was  perceived  floating  at  the  top,  and  on 
oliaking  the  phial  the  whole  became  beautifully  luminous. 
It  continued  to  possess  this  property  for  some  time,  the 
luminous  matter  separating,  and  being  again  mixed  by 

,^ltation ;  it  gradually,  however,  became  less  luminous, 

nd  on  the  fourth  night  was  extinguished. 

Many  other  saline  solutions,  such  as  those  of  sea-salt, 
of  nitre,  sulphate  of  soda,  &c.  have  the  same  property  of 
.  xtracting  the  luminous  matter  from  various  marine  ani* 
mals.  It  is  probably  from  the  sea-water  having  dissolved 
this  luminous  matter  that  the  ocean  appears  occasionally 
luminous  in  the  dark,  though  this  appearance  seems  also 
to  depend  occasionally  on  other  causes,  especially  on  the 
presence  of  phosphorescent  animalculx  *.  Fresh-water 
is  incapable  of  extracting  this  luminous  matter,  and  even 
prevents  the  fish  immersed  in  it  from  becoming  luminous. 
A  number  of  substances  extinguish  this  light,  such  as  pure 
water,  the  acids  and  alkalies,  fermented  liquors,  and  ar- 
dent spirits ;  and  what  is  singular,  it  is  extinguished  by 
saturated  solutions  of  the  very  salts  that  preserve  it  when 
in  dilute  solutions.  Dr  Hulme  found,  hov/ever,  that  in 
these  concentrated  solutions  the  light  still  exists,  and  may 
be  made  to  appear  by  dilution  with  a  sufficient  quantity 
of  water,  and  it  may  thus  be  repeatedly  extinguished  and 
revived,  by  adding  either  salt  or  water. 


*  Letter  by  Professor  Milchcll,  Phil.  Mag.  vol.  x.  d.  20 
Vol.  I.  T  ; 
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,  The  luminous  appearance,  is  augmented  by  motion  or 
agitation;  it  is  impaired,  and. even  extinguished  by  cold, 
but  is  revived,  and  rendered  brighter  by  a  moderate  heat. 
By  a  great  degree  of  heat,  however,  such  as  that  of  boil- 
ing water,  it  is  immediately  extinguished,  and  does  not 
revive  on  cooling.  It  appears  to  be  in  some  measure  de- 
pendent on  exposure  to  air,  as  Dr  Hulme  found  that  the 
parts  of  fish  which  were  not  thus  exposed  were  daric, 
while  the  parts  exposed  were  luminous.  The  luminous 
appearance,  according  to  Dr  Hulme's  experiments,  is  not 
greater  in  oxygen  gas  than  in  atmospheric  air.  Though 
nitrogen  gas  appears  to  prevent  the  animal  matter  from 
becoming  luminous,  it  does  not  extinguish  it  when  it  has 
previously  begun  to  shine  ;  hydrogen  gas,  nitrous  gas,  car-  , 
bonic  acid  gas,  and  sulphuretted  hydrogen  gas,  not  only- 
prevent  the  luminous  appearance,  but  extinguish  it  if  it 
had  come  on.  It  is  also  impaired,  and  at  length  nearly 
extinguished  in  the  vacuum  of  an  air-pump,  but  re-appeari 
when  the  air  is  admitted  *. 

The  emission  of  light  in  any  of  these  cases,  is  not  ac- 
companied with  any  sensible  extrication  of  caloric,  th^ 
temperature  of  the  luminous  matter  being  the  same  with 
that  of  the  surrounding  air. 

The  light  from  rotten  wood  appears  to  be  somewhat 
similar  in  the  laws  it  observes.  Boyle  observed  that  a 
piece  of  rotten  wood  that  was  luminous,  when  it  was 
placed  in  a  receiver  from  which  the  air  was  extracted, 
ceased  to  shine,  and  became  luminous  when  the  air  was 
again  admitted  f.    This  has  been  since  confirmed  by  Dr 

*  Philosophical  TransactioiiF,  for  ISOO. 
f  Boyle's  Works,  vol.  iii.  p.  150. 
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Hulme.  It  has  also  been  ascertained  by  Spallanzanl,  Car- 
radori,  Humboldt,  and  more  lately  by  Dr  Hulme  and  by 
Bockman,  that,  introduced  into  the  non-tespirable  gases, 
nitrogen,  hydrogen,  carbonic  acid,  carburetted  and  sul- 
phuretted hydrogen,  its  luminous  appearance  is  in  a 
short  time  extinguished,  but  is  revived  when  atmospheric 
air  is  admitted.  Dr  Hulme  ascertained,  too,  that  lu- 
minous wood  had  the  property  of  shining  only  when  it 
had  been  exposed  to  the  air,  (or  perhaps  to  the  light),  and 
that  when  newly  broken  the  internal  surface  did  not  be- 
gin to  shine  for  some  time.  These  facts  appear  to  prove 
that  the  emission  of  the  light  depends  on  some  action  of 
the  air,  or  rather  of  its  oxygen.  There  are  others,  how- 
ever, inconsistent  with  that  supposition.  Boyle  relates, 
that  a  piece  of  rotten  wood  being  inclosed  in  a  glass  tube 
which  was  hermetically  sealed,  it  continued  to  sJiine  as 
before*.  And  Forster  mentions,  that  luminous  wood 
does  not  change  its  appearance  when  introduced  into  oxy- 
gen, which  is  confirmed  also  by  Hulme  and  Bockman. 
And  the  last  experimenter  ascertained,  that  when  the  lumi- 
nous appearance  had  ceased  in  these  gases,  a  fresh  piece 
of  wood  shone  for  some  time  f  ;  and  likewise,  that  the 
wood  when  luminous  continued  to  shine  for  a  number  of 
hours  in  spring  water,  or  in  boiled  or  distilled  water,,  as 
well  as  in  several  saline  solutions,  and  in  linseed  oil  J. 
The  luminous  appearance  was  extinguished  instantaneous- 
ly by  the  acids,  and  speedily  by  alkohol,  as  also  by  a  high 

'  ■  "   —          -  ■     '■   ^'  ■  -  
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temperature,  though  by  a  moderate  heat,  as  that  of  100*, 
it  is  rendered  more  vivid,  while  by  cold  it  is  repressed.  In 
these  circumstances,  this  variety  of  phospliorescence  is  si- 
milar to  that  of  animal  matter. 

Certain  insects,  both  alive  and  in  a  dead  state,  emit 
occasionally  large  quantities  of  light.  The  glow-worm 
(lanxpyris  splendidula),  has  been. long  known  for  possess- 
ing this  property  ;  the  light  is  variable,  being  at  one  mo- 
ment brilliant,  and  at  another  weak  or  extinct.  It  pro- 
ceeds from  two  rings  at  the  inferior  part  of  the  abdomen, 
the  phosphorescent  matter  being  included  in  a  receptacle 
from  which  it  may  be  expressed.  Other  insects  have  a 
similar  phosphorescent  property,  as  the  lantern-fly  of  the 
West  Indies. 

Experiments  on  this  kind  of  phosphorescent  light  have 
been  made,  principally  on  the  glow-worm-  Forster  made 
the  observation,  that  when,  the  insect  is  placed  in  oxygen 
gas,,  it  shines  with  more  splendour  than  it  does  in  atmo- 
spheric air,  and  the  brilliancy  of  it  is  also  more  permanent. 
After  being  removed  from  the  oxygen,  it  retained  the 
highly  luminous  appearance  for  a  few  minutes,  but  it  re- 
turned soon  to.  its  usual  State.  The  oxygen  gas  did  not 
appear  to  be  sensibly  impaired  in  its  purity.  Forster  con- 
ceived the  luminous  matter  to  be  a  secretion  from  the 
animal,  connected  with  its  respir^ation,  and  shining  more 
when  the  air  is  inspired  than  when  it  is  expired  j  whence 
he  explains  its  variable  light  *.  According  to  Carradori  f, 
the  luminous  appearance  depends  entirely  on  the  will  of 


*  Journal  de  Physique,  t.  xxiii.  p.  24-. 
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the  animal.  The  phosphorescent  matter  may  be  obtain- 
ed from  its  receptacle  by  compression ;  it  continues  to 
thine  for  a  few  hours,  but  then  becomes  extinct.  It  shines 
Jilso  in  oil  or  in  water,  as  well  as  in  the  air,  and  liiiewise 
in  the  Torricellian  vacuum.  The  animal  itself  shines 
when  immersed  in  water,  and  with  more  splendour  in  te- 
pid than  in  cold  water.  Its  shining,  according  to  For- 
ster's  observation,  more  vividly  in  oxygen  gas,  Carradori 
supposes  owing  merely  to  the  stimulus  which  the  gas  com- 
municates to  the  animal  ;  and  Forster  indeed  remarked, 
that  the  animal  was  more  alert  in  oxygen  than  in  atmo- 
spheric air.  The  experiment  has  been  repeated  by,  Dr 
Hulme,  and  he  has  not  found  that  the  gjow-worm,  either 
dead  or  alive,  shone  with  more  splendour  in  oxygen  gas 
than  it  does  in  atmospheric  air.  The  experiment,  how- 
ever, appears  to  have  been  made  only  once  on  the  animal 
while  alive.  Dr  Hulme  likewise  found  that  this  species 
of  phosphorescence  agrees  with  the  others,  in  being  ex- 
tinguished by  hydrogen,  carbonic  acid,  sulphuretted  hy- 
drogen, and  nitrous  gases,  and  in  returning  when  the  ani- 
mal is  removed  to  the  atmospheric  air.  These  last  experi- 
ments were  made  on  the  dead  insect. 

The  next  general  fact  to  be  noticed  in  the  chemical 
history  of  light,  is  its  power  of  producing  heat.  This 
property  is  sufficiently  obvious.  The  action  of  the  solar 
rays  is  the  great  source  of  the  heat  of  our  globe,  and^ 
when  concentrated  by  a  mirror  or  lens,  affords  nearly  the 
most  intense  heat  we  can  command. 

Different  substances  are  unequally  heated  by  the  rays 
of  light  ^  transparent  bodies  allowing  them  to  pass  througk 
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with  little  interruption,  are  comparatively  little  heatc.;, 
especially  if  of  no  great  thickness.  White  coloured  sub- 
stances are  less  heated  than  those  which  are  of  a  dark 
shade.  Franklin,  by  laying  pieces  of  cloth  of  difleren- 
colours  on  snow,  while  the  sun  shone  upon  it,  found  tnaL 
the  darker  coloured  cloths  were  most  heated,  as  was  rcn- 
dered  evident  by  their  sinking  deepest  in  the  snow.  Mr 
Davy  made  an  experiment  of  a  similar  kind.  He  exposed 
to  the  rays  of  the  sun,  six  similar- pieces  of  copper,  of  e- 
qual  weight,  size  and  thickness,  coloured,  one  white,  one 
yellow,  one  red,  one  green,  one  blue,  and  one  black.  A 
portion  of  a  mixture  of  oil  and  wax,  which  became  fluid 
at  76°,  was  attached  to  the  inferior  surface  of  each,  and 
the  superior  surface  was  exposed  to  the  rays  of  the  sun. 
That  on  the  black  plate  began  to  melt  first  next  the 
blue  i  then  the  green  and  the  red,  and  lastly  the  yellow  ; 
that  on  the  white  plate  was  scarcely  affected  when  that 
on  the  black  was  in  a  complete  state  of  fusion  *.  A  ther- 
mometer blackened  and  exposed  to  light,  rises  always 
higher  than  a  thermometer  of  the  same  delicacy,  the 
bulb  of  which  is  clean. 

In  giving  the  history  of  Radiant  Caloric,  I  have  related 
the  discovery  made  by  Herschel,  that  the  different  rays 
of  Hght  have  difFerent  heating  powers.  Dr  Hutton  had 
formed  a  conclusion  of  this  kind,  probably  from  some 
imperfect  observation  or  experiment.  "  The  compound 
light,"  says  he,  *^  which  is  white,  has  a  greater  power  of 
giving  vision,  in  proportion  to  its  power  of  exciting  heat  j 
whereas,  in  the  red  species  it  is  the  opposite  ;  for  her 
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he  power  of  exciting  heat  is  greater,  in  proportion  to  its 
i)ower  of  giving  vision  *.  Rochon,  it  appears,  had  inves- 
rigated  the  subject  more  completeiy,  though  his  experi- 
ments have  attracted  little  notice.    He  found,  that  an  air 
hcrmometer  exposed  successively  to  the  action  of  the  dif- 
ferent coloured  rays,  separated  by  a  prism,  rose  as  the 
%iys  followed  one  another  from  violet  to  red  ;  and  the 
-roportion  of  heat  between  clear  red,  and  the  most  intense 
-  iolet,  appeared  to  him  to  be  nearly  that  of  8  to  1  f. 
•More  lately  it  was  made  the  subject  of  experiment  by 
Herschel.    Having  employed  different  coloured  glasses, 
in  viewing  the  sun,  he  observed  that  in  using  some  of 
them  he  felt  a  sensation  of  heat,  though  with  little  light, 
while  others  gave-  much  light  with  scarcely  any  sensation 
of  heat.  It  occurred  to  him,  therefore,  that  the  prismatic 
rays  might  have  the  power  of  heating  bodies  unequally 
distributed  among  them,  and  this  led  to  "a  series  of  expe- 
riments, by  which  this  was  fully  demonstrated. 

In  a  piece  of  pasteboard,  mounted  on  a  frame  so  as  to 
be  moveable,  an  opening  was  cut,  a  little  larger  than  the 
ball  of  a  thermometer,  and  of  a  sufficient  length  to  let  the 
whole  extent  of  one  of  the  prismatic  colours  pass  through. 
A  prism  being  placed  at  right  angles  to  the  solar  ray,  and 
turned  until  its  refracted  coloured  spectrum  became  sta- 
tionary, the  moveable  frame  with  the  pasteboard  was  ad- 
justed  so  as  to  be  perpendicular  to  the  rays  coming  from 
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the  prism  ;  and  beneath  were  placed  very  delicate  mercu- 
rial thermometers,  which  could  be  more  or  less  advanced, 
so  that  one  only  of  the  prismatic  coloured  rays  should  fall 
on  the  bulb.  The  different  heating  powers  of  the  differ- 
ent rays  were  thus  ascertained,  and  were  as  follow :  The 
thermometer  rose  in  the  red  ray  in  ten  minutes,  7^  of 
Fahrenheit ;  in  the  green  ray,  the  rise  in  the  same  time 
amounted  only  to  3^^  and  in  th^  violet  ray,  in  the  same 
time  likewise,  to  2  degrees  *. 

In  the  prosecution  of  these  experiments,  it  was  found, 
as  I  have  already  remarked,  that  the  heating  power  ex- 
tended beyond  the  visible  spectrum  on  the  side  of  the  red 
ray,  and  that,  half  an  inch  beyond  it,  the  thermometer 
rose  in  ten  minutes  6^  degrees ;  the  heating  power  being 
greatest  near  to  this  point ;  one  inch  beyond  the  visible 
light  of  the  red  ray,  the  thermometer  rose  in  thirteen  mi- 
nutes 5f  degrees,  and  the  hejtiiig  power  was  discoverable 
to  the  extent  even  of  1^  inch  f .  Beyond  the  violet  ray 
there  v/as  no  heating  power. 

Since  the  calorific  rays  thus  occupy  a  larger  space  than 
the  visible  rays,  they  must  be  of  a  more  extensive  refran- 
gibility.  It  follows  also,  that  when  the  solar  rays  are 
concentrated  by  a  lens,  the  focus  of  the  rays  of  heat  must 
be  different  from  the  focus  of  the  rays  of  light.  On 
making  the  experiment,  Herschel  found  reason  to  con- 
clude that  the  focus  of  heat  was  farther  removed  fr<ipi 
•  the  lens  than  that  of  light,  and  probably  not  less  than  f 
of  an  inch  J. 


*  Philosophical  Transactions  for  1800,  p.  258— P. 
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These  experiments  have  been  repeated  and  confirmed 
by  Sir  H.  C.  Engletield,  a  differently  arranged  apparatus 
behjg  used,  so  as  to  guard  against  the  thermometer  being 
affected  by  any  foreign  heat  reflected  from  any  part  of  it. 
A  prism  was  placed  in  the  proper  position,  in  an  open 
window  J  the  coloured  spectrum  from  it  was  thrown  on 
a  lens  of  4  inches  in  diameter,  and  about  22  inches  focal 
length.  The  lens,  as  well  as  its  mounting,  was  covered 
with  a  thick  white  pasteboard  skreen,  in  which  was  cut  a 
slit  of  3  inches  long,  and  half  an  inch  wide  over  the  cen- 
tre of  the  lens,  and  through  which  any  of  the  prismatic 
colours  could  be  transmitted,  while  the  others  were  ex- 
cluded. A  sensible  mercurial  thermometer,  with  a  na- 
ked bulb,  was  placed  so  that  the  bulb  was  in  the  focus  of 
the  lens,  and  the  coloured  rays  were  successively  thrown 
on  the  slit  in  the  skreen  covering  the  lens,  and  of  course  on 
the  bulb  of  the  thermometer.    The  rise  was  as  follows  : 


In  the  blue,  in 

 gT"een,  in 

 yellow,  In 

 full  red,  in 

 confines  of  the  red, 

Quite  out  of  visible  light. 


3' 

from  55^  to  56° 

3' 

from  .54; 

to  58 

3' 

from  56 

to  62 

2i' 

from  56 

to  72 

2^' 

from  58 

to  731 

2i' 

from  6 1 

to  79 

These  denote  the  greatest  effect  of  the  different  rays, 
as  the  thermometer,  in  all  the  experiments,  was  conti- 
nued in  the  focus  long  after  it  had  ceased  to  rise.  When 
the  bulb  of  the  thermometer  was  blackened,  the  rise  was 
much  greater,  rising  in  the  full  red  ray  in  3'  from  65°  to 
S2°  j  in  another  experiment,  to  87°,  while  in  the  invisible. 


^^'^  oi  ;,if,iii',  ^ 

ray  it  rose  to  U8°  *.     It  was  remarked  in  tliese  experi- 
ments, that  when  the  spectrum  was  received  on  the 
skreen  covering  the  lens,  on  removing  the  utmost  edge  of 
the  red  rays,  a  full  eighth  of  an  inch  from  the  edge  of  the 
slit  in  the  skreen,  there  was  a  faint  blush  of  red  of  a  semi- 
oval  form,  visible  when  the  focus  of  the  lens  was  thrown 
on  a  white  skreen.     It  was  in  this  place,  and  not  in  the 
full  red  light,  that  the  greatest  heat  was  discovered  5  and 
even  half  an  inch  beyond  the  edge  of  the  red  ray,  and 
where  there  was  no  illumination  whatever  in  the  focus, 
the  heat  was  still  greater  than  in  the  red  ray  itself,  the 
rise  in  the  former  being  in  3'  from  69^  to  79^",  in  the 
latter,  in  3',  from  67*'  to  71^°. 

The  experiments  of  Herschel,  confirmed  by  those  oif 
Englefield,  therefore  prove,  not  only  that  the  solar  ray 
consists  of  rays  of  visible  light,  but  likewise  of  rays  of 
radiant  caloric  j  and  it  follows  from  them,  that  the  heat- 
ing power  of  the  solar  rays  does  not  depend  on  the  rays 
of  visible  light,  but  on  the  rays  of  radiant  caloric,  which 
being  of  different  refrangibilities,  and  of  a  more  exten- 
sive refrangibility  than  the  rays  of  light,  are  spread  over 
and  beyond  the  visible  prismatic  spectrum.    Where  this 
matter  is  most  completely  separated  from  visible  light, 
and  where  indeed  there  is  no  illumination  whatever,  the 
heating  power  is  about  its  maximum ;  and  as  this  is  re- 
ceded from,  it  diminishes,  until  at  the  other  extremity  of 
the  spectrum  it  is  extremely  weak.    That  the  heating 
power  which  does  appear  to  be  exerted  by  the  different 
visible  rays,  is  not  a  property  belonging  to  them  as  light. 
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but  is  owing  to  the-  intermixture  of  rays  of  caloric,  has 
been  proved  by  Dr  Herschel,  and  proved  in  a  more  de- 
cisive n^anner  than  the  nature  of  the  subject  appeared  to 
admit. 

It  may  nearly  be  inferred  from  the  phenomena  that 
have  been  described.  It  is  proved  that  the  solar  rays 
consist  of  rays  of  caloric  and  rays  of  light.  The  former, 
separated  from  the  latter,  are  found  to  have  a  highly 
heating  power  ;  that  power,  in  the  entire  ray,  must  there- 
fore, in  part  at  least,  be  ascribed,  not  to  the  visible-light, 
but  to  this  invisible  calorific  matter.  It  may,  as  well  as 
visible  light,  consist  of  rays  of  unequal  refrangibility, 
and  may  therefore,  from  this  cause,  be  intermixed  with 
the  prismatic  rays,  and  give  them  their  heating  power. 
We  have  no  proof  that  light,  free,  from  this  calorific 
matter,  is  possessed  of  this  power ;  and  we  find  that  the 
more  completely  they  are  separated,  or  the  farther  we 
recede  from  the  point  of  the'  prismatic  spectrum,  where 
the  invisible  calorific  rays  are  accumulated,  the  less  heat  is 
produced  by  the  visible  rays  of  light.  Do  not  these  consi- 
derations render  extremely  probable  the  conclusion,  that 
the  remaining  heating  power  of  these  rays  is  still  owing 
to  rays  of  caloric  mingled  with  them  ? 

The  opposite  conclusion,  as  Dr  Herschel  has  remark- 
ed, is  attended  with  some  arbitrary  and  revolting  posi- 
tions. The  illuminating  power,  the  characteristic  property 
of  light,  he  has  proved,  is  greatest  towards  the  middle 
of  the  spectrum  ;  from  this  it  decreases  towards  each 
side,  and  on  one  side  it  is  accompanied  with  an  increase, 
on  the  other  with  a  decrease  of  heating  power.  It  must 
therefore  be  maintained,  "  that  a  set  of  rays  conveying 
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lieat,  should  all  at  once,  in  a  certain  part  of  the  spectrur,, 
begin  to  give  a  small  degree  of  light ;  that  this  newly  ac- 
quired power  of  illumination,  should  increase,  while  the 
power  of  heating  is  on  the  decline  j  that  when  the  il- 
luminating principle  is  come  to  a  maximum,  it  should  in 
its  turn  also  decline  very  rapidly,  and  vanish  at  the  same 
time  with  the  power  of  heating.  How  can  efFects  that 
are  so  opposite  be  ascribed  to  the  same  cause ;  first  of 
all,  heat  without  light  5  next  to  this,  decreasing  heat, 
but  increasing  light ;  then  again,  decreasing  heat  and  de- 
creasing light."  On  the  hypothesis  that  the  heating 
power  of  the  visible  rays  is  owing  to  the  intermixture  of 
rays  of  radiant  caloric,  of  unequal  refrangibility,  we  are 
pressed  with  no  such  inconsistencies. 

It  rests  not,  however,  merely  on  these  general  grounds, 
but  is  established  by  other  experiments.  It  is  evident, 
that  the  coloured  ray,  if  its  heating  power  be  a  property 
belonging  to  it  as  such,  and  not  owing  to  any  foreign  cal- 
orific matter,  when  transmitted  through  any  transparent 
medium,  ought  to  have  its  heating  and  illuminating  power 
equally  diminished.  We  are  not  to  expect,  that  it  will 
pass  through  with  its  powers  undiminished,  for  we  know, 
that  in  such  an  experiment,  a  loss  of  rays  is  always  sus- 
tained. But  we  may  fairly  expect,  that  if  the  heating 
and  illuminating  power  depend  on  the  same  matter, 
whatever  portion  of  this  matter  be  retained,  these  powers 
must  be  diminished  in  precisely  the  same  proportion  •,  so 
that  if  half  of  the  rays  be  stopped,  both  powers  shall  be 
diminished  one-half,  and  so  on  in  proportion  ;  while,  if 
the  heating  and  illuminating  powers  do  not  depend  on 
the  same  matter, — if  the  former  depend  on  rays  of  calo- 
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ric,  and  the  latter  on  rays  of  light, — it  may  happen,  and 
may  even  be  expected,  that  these  will  be  unequally  acted 
©n  by  the  medium  through  which  they  are  transmitted 
one  may  be  retained  in  larger  quantity  than  the  other, 
and  hence  the  heating  and  illuminating  powers  will  not 
by  such  transmission  b'e  diminished  in  the  same  propor- 
tion. Now,  it  has  been  established  by  Dr  ?Ierschel,  from 
a  very  extensive  series  of  experiments,  on  transmission 
through  different  kinds  of  glass,  different  coloured  glasses, 
and  different  fluids,  that  they  are  not  proportionally  di- 
minished, but  that  in  some  cases  the  illuminating  is  more 
diminished  than  the  heating  power,  and  in  other  cases  the 
reverse  happens. 

Without  entering  on  a  detail  of  these  experiments, 
which  are  numerous  and  complicated  in  their  relations, 
some  of  those  selected  by  Dr  Herschel  himself  may  be 
stated.  Thiis  he  remarks,  that  of  1000  incident  rays, 
"  a  yellow  glass  stops  only  333  rays  of  heat,  but  stops 
819  of  light :  on  the  contrary,  a  pale  blue  stops  812  rays 
of  heat,  and  but  684'  of  light.  Again,  a  dark-blue  glass 
stops  only  362  rays  of  heat,  but  intercepts  801  of  light ; 
and  a  dark-red  glass  stops  no  more  than  606  rays  of  heat, 
and  yet  intercepts  nearly  all  the  light,  scarcely  one  ray 
out  of  5000  being  able  to  make  its  way  through  it 

These  experiments  being  made  on  undecomposed  light, 
and  on  the  radiant  solar  heat,  either  associated  with  it, 
or  in  one  series  separated  by  the  prism,  a  comparison 
can  be  less  easily  instituted  from  them,  between  the  ef- 
fect of  transmission  on  the  heating  and  illuminating 
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powers  of  any  single  prismatic  ray  ;  and  it  may  even  be 
said,  that  they  prove  only  the  difference,  in  transmission, 
between  the  calorific  rays  and  the  luminous  rays  in  gene- 
ral ;  not  that  the  heating  power  of  the  coloured  rays  is 
owing  to  the  presence  of  rays  of  caloric ;  for  it  does  not 
■necessarily  follow,  either  tJiat  light  of  the  refrangibility 
of  any  particular  prismatic  ray,  must  be  stopped  by  a 
medium  in  precisely  the  same  proportion  as  an  undecom- 
posed  ray  of  light,  or  that  the  radiant  caloric  of  the 
refrangibility  also  of  that  ray  shall  be  stopped  in  the 
same  proportion  as  radiant  caloric  of  a  different  re- 
frangibility. It  might  even  be  granted,  that  the  radiant 
caloric  of  heated  bodies,  or  the  radiant  caloric  which 
when  a  solar  beam  is  decomposed  by  the  prism  is  thrown 
beyond  the  red  ray,  is  stopped  by  a  medium  in  a  very 
different  proportion  from  visible  light,  without  the  infe- 
rence being  just,  that  such  a  difference  must  exist  be- 
tween the  visible  light  of  a  single  prismatic  ray,  and  the 
radiant  caloric  supposed  to  be  associated  with  that  ray.  Dr 
Herschel  has  shewn,  however,  that  by  making  every  al- 
lowance for  the  differences  in  transmission  from  these 
causes, — differences  which  may  be  determined  by  expe- 
riment,— the  conclusion  still  follows,  that  the  heating 
and  illuminating  powers  depend  on  different  rays,  and 
that  contradictions  attend  all  endeavours  to  account  for 
the  results,  by  admitting  the  existence  of  light  possessed 
of  a  heating  power. 

It  is  unquestionably,  however,  more  conclusive,  to 
have  the  experiment  confmed  to  a  single  prismatic  ray  ; 
to  separate  it  from  the  others,  transmit  it  through  a  cer- 
tain medium,  and  observe  the  effect  produced  on  its  illu- 
minating and  heating  powers-  If  the  ray  be  homogencou- - 
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there  will  be  a  diminution  in  both  in  the  same  propor- 
tion, greater  or  less  according  to  the  degree  of  stoppage ; 
•while,  if  it  be  heterogeneous,  or  consist  of  rays  of  visible 
light  and  of  radiant  caloric,  these  will  probably  be  un- 
equally stopped,  and  the  heating  and  illuminating  powers 
must  therefore  be  unequally  diminished. 

To  take  one  ray  as  an  example,  and  reduCe  the  ques- 
tion to  a  single  point :  "  Is  the  heat  which  has  the  rc- 
frangibility  of  the  red  rays  occasioned  by  the  light  of 
these  rays  ?  Should  that  be  the  there  will  then 

be  only  one  set  of  rays,  one  fate  only  can  attend  them, 
ill  being  either  transmitted  or  stopped,  according  to  the 
power  of  the  glass  applied  to  them."  With  regard  to 
the  fact  in  this  point,  Dr  Herschel  states,  that  from  a 
series  of  experiments,  he  finds,  that  red  glass  does  not 
stop  red  rays  of  light ;  "  but  with  regard  to  the  rays  of 
heat,  the  case  is  j  ust  the  reverse  ;  the  red  glass  stops  not 
kss  than  692  out  of  a  thousand,  of  such  rays  as  are  of 
the  refrangibility  of  red  light."  He  adds,  "  Here,  then, 
we  have  a  direct  and  simple  proof,  in  the  case  of  the  red 
glass,  that  the  rays  of  light  are  transmitted,  while  those 
of  heat  are  stopped,  and  that  thus  they  have  nothing  in 
common  but  a  certain  equal  degree  of  refrangibility, 
which,  by  the  power  of  the  glass,  must  occasion  them  to 
be  thrown  together  into  the  place  which  is  pointed  out 
to  us  by  the  visibility  of  the  ra|s  of  light  *." 

This  conclusion  seems  irresistible.  Did  the  heating 
power  apparent  in  the -red  ray,  (arid  of  the  different  pris- 
matic rays,  it  is  the  one  which  possesses  it  in  the  greatest 
degree),  depend  on  the  visible  light  of  that  ray,  an,d  b'^- 
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long  to  it  as  one  of  its  properties ;  since  this  light  is  not 
stopped  by  red  glasses,  the  heiit  likewise  ought  not  to  be^ 
stopped.  Nearly  two-thirds  of  the  heat,  however,  are 
arrested,  a  decisive  proof  that  heat  arises,  not  from  the 
visible  light  of  the  ray,  but  from  calorific  rays  associated 
with  it,  which,  by  such  a  glass,  are  transmitted  only  in 
this  proportion. 

The  experiment,  too,  which  lias  been  so  long  known, 
of  separating  the  light  and  caloric  emitted  from  burning 
fuel,  is  a  clear  proof  that  the  heating  power  does  not  de- 
pend on  visible  light. .  By  placing  a  piece  of  transparent 
glass  before  the  fuel,  the  radiant  caloric  is  arrested,  tlie 
light  is  transmitted,  and  may  be  collected  in  a  focus,  in 
which  is  no  sensible  heat.  The  absence  of  all  heat  i'.i 
the  rays  of  the  moon  concentrated  in  a  focus,  while  the 
illumination  is  bright,  affords  perhaps  a  similar  proof. 

Some  other  circumstances  are  pointed  out  by  Her- 
schel,  which  lead  to  the. same  conclusion.  Thus,  in  the 
experiment  on  the  stoppage  of  solar  heat  and  light  by 
transmission  through  different  substances,  it  is  found, 
that  the  stoppage  of  heat  is  greater  in  the  first,  second  or 
third  minute,  than  in  the  fourth  or  fifth,  while  this  does 
not  happen  in  the  transmission  of  light, — a  proof  that 
they  obey  different  laws.  He  also  observed,  that  the 
effect  of  rough  surfaces  in  scattering  each  kind  of  rays  is 
different,  being  much  greater  on  the  rays  of  light  than  on 
those  of  heat.  Similar  facts  are  also  found  to  hold  true 
with  regard  to  the  illuminating  and  calorific  rays  emitted 
from  burning  bodies. 

These  discoveries,  therefore,  open  to  us  a  new  view  of 
the  nature  of  light,  and  of  the  constitution  of  the  solar 
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/ay.  No  fact  appeared  more  undoubted  than  that  light 
lias  a  power  of  exciting  heat,  and  when  the  solar  beam 
was  resolved  into  its  different  coloured  rays,  it  was  sup- 
posed that  it  was  fully  analysed,  and  that  these  were  its 
sole  constituent  parts.  We  have  now  learned  that  both 
these  propositions  are  false.  A  solar  ray  consists  of  the 
different  visible  rays  of  light ;  but  with  these  are  associ- 
ated rays  of  caloric.  These  two  hinds  of  rays  not  only  differ 
:rom  each  other  in  refrangibility,  but  each  appears  to  be 
composed  of  rays  of  unequal  refrangibility.  Hence,  when 
decomposed  by  the  prism,  each  is  spread  over  a  consider- 
able space.  The  radiant  caloric  is  rather  less  refrangible 
than  the  rays  of  light  j  it  is  therefore  found  beyond  the 
visible  prismatic  spectrum  on  the  side  where  the  less  re- 
frangible visible  rays  are  ;  but  being  composed  of  rays  of 
unequal  refrangibility,  it  is  not  confined  to  that  space, 
but  is  intermingled  with  the  different  coloured  rays,  di- 
minishing as  these  become  more  refrangible.  To  this 
intermixture  the  heating  power  which  these  coloured  rays 
appear  to  have  in  different  degrees  is  to  be  ascribed  ;  and 
apart  from  this  radiant  caloric  we  have  no  reason  to  be- 
lieve that  light  has  any  heating  power. 

The  last  part  of  the  history  of  Light  is  that  which  re- 
lates to  what  may  be  more  peculiarly  termed  its  Chemical" 
Power, — its  agency  in  occasioning  decomposition.  This 
is  in  many  cases  strikingly  exemplified.  Next  to  oxygen, 
mdeed,  light  is  perhaps  the  most  extensive  in  its  influ- 
ence of  any  chemical  agent.  These  two  principles  may 
even  be  regarded  as  antagonists,  the  combinations  of  oxy- 
gen being  generally  attended  either  by  the  separation  of 
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light  in  a  sensible  form,  or  its  transition  into  a  state  of 
new  combination  t,  while  oxygen  is  scarcely  erer  disen- 
gaged without  the  interference  of  free  or  combined  light. 

Where  this  principle,  oxygen,  is  not  retained  in  com- 
bination by  a  very  strong  affinity,  light  alone  is  able  to 
effect  its  separation,  either  partially  or  entirely.   In  nitric 
acid,  oxygen  is  in  this  state,  sind  accordingly,  by  exposing 
this  aci<l,  which  is  colourless,  to  the  rays  of  the  sun,  it 
soon  acquires  a  yellow,  and  at  length  an  orange  hue, — a 
change  which  we  know  by  other  experiments  is  owing  to 
a  partial  separation  of  its  oxygen.    If  therefore  the  phial 
be  filled  with  the  acid,  and  closed  with  a  glass-stopper, 
the  change,  as  Mr  Kirwan  has  remarked,  does  not  happen, 
the  separation  of  the  oxygen  gas  being  prevented  by  this 
mechanical  forcre  ;  while,  if  the  phial  be  only  half  filled, 
it  takes  place  on  exposure  to  the  solar  light  for  a  quarter 
of  an  hour  *.    The  experiment  may  even  be  conducted 
so  as  to  obtain  the  oxygen  which  is  disengaged  from  the 
acid.   This  was  done  long  ago  by  Bertliollet     the  phial 
containing  the  acid  having  a  bent  tube  conr>ected  with  it, 
which  terminated  under  an  inverted  jar  ;  in  a  few  days  a 
considerable  portion  of  oxygen  gas  was  found  to  be  dis- 
engaged, while  the  acid  assumed  more  and  more  of  the 
yellow  colour  f. 

Another  acid,  the  oxymuriatic,  suffers  a  similar  de- 
composition from  light  still  more  easily.  Berthollet  ex- 
posed it  in  a  flask,  with  a  bent  tube  connected  with  the 
pneumato-chemical  apparatus,  to  the  light  of  the  sun  ;  m 
a  very  short  time  small  bubbles  of  air  were  disengaged, 
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which  were  collected,  and  found  to  be  pure  oxygen  gas. 
The  oxymuriatic  acid  is  of  a  yellow  colour,  but  in  pro- 
portion as  this  decomposition  went  on  it  became  colour- 
less ;  it  was  thus  converted  into  muriatic  acid,  and  from 
this  experiment  BerthoUet  determined  the  proportions  in 
which  tliis  acid  combines  with  oxygen  to  form  the  oxy- 
muriatic  *. 

A  number  of  the  compounds  of  metals  with  oxygen  also 
suffer  decomposition  from  the  agency  of  light.  If  the 
oxides  (as  such  compounds  are  named)  of  gold  or  silvet 
be  exposed  to  the  solar  rays,  their  Colour  becomes  dark- 
er; and  it  is  apparently  from  this  cause  that  light  always 
alters  the  shades  of  metallic  paints.  If  the  combinations 
of  these  oxides  with  acids  be  submitted  to  the  same  ex- 
posure, their  colour  is  even  more  darkened.  A  piece  of 
paper  moistened  with  a  solution  of  silver  in  nitric  acid,  is 
blackened  in  a  few  minutes  :  the  muriate  of  silver,  the 
ma  cornea  of  the  older  chemists,  is  still  more  susceptible 
of  this  change,  and  is  unquestionably  the  most  delicate 
test  of  the  chemical  agency  of  light.  Even  in  the  tSvi- 
iight,  it  is  remarked  by  Mr  Davy,  it  slowly  changes  from 
white  to  faint  violet,  while  the  nitrate  of  silver  is  not 
changed  f . 

The  decomposition  of  these  compounds  Is  even  some- 
times complete,  and  the  metal  is  obtained  in  its  original 
State.  Scheelc  evaporated  a  solution  of  gold  to  dryness, 
and  dissolved  the  dry  mass  In  distilled  water,  poured  it 
into  a  crystal  phial  shut  with  a  glass-stopper^  and  exposed 

—  ^f — 

*  Journal  de  Physique,  t.  xxix.  p.  81. 
t  Journals  of  the  Royal  Inatitution,  p.  173. 
Kk2 


OF  I.ICI1T- 


it  to  tlie  beams  of  the  sun.  A  fortnight  after,  a  quanti- 
ty of  minute  spangles  of  gold  appeared  in  the  solution,, 
and  the  surface  was  covered  with  a  fine  pellicle  of  gold  *. 
Mrs  Fulhame,  in  the  course  of.  her  experiments  on  metal- 
lic reduction,  established'  the  same  facts.  A  piece  of 
silk  which  was  dipt  in  a  solution  of  muriate  of  gold  in 
water  was  exposed  to  the  sun-beams,  and  kept  moderate- 
fy  wet  with  water  during  the  experiment ;  the  silk,  from 
beuig  yellow,  acquired  first  a  green,  then  a  purple  co- 
lour }  at  length  particles  of  gold  appeared  on  its  surface, 
and,  "  in  about  an  hour,  the  whole  of  the  silk  was  co- 
vered with  a  superb  coat  of  reduced  gold."  A  piece  of 
silk  dipt  in  the  same  solution,  and  suspended  over  water 
in  a  phial  covered  with  black  silk,  and  put  aside  in  a  dark 
place,  suffered  no  change  in  three  months,  except  that 
its  colour  became  slightly  brown.  Mrs  Fulhame  found 
that  a  solution  of  nitrate  of  silver  could  be  reduced  in  the 
same  way  by  the  action  of  light,  while  in  the  dark  it  suf- 
fered no  change  f . 

It  appears  that  in. some  of  these  cases  the  acid  only  of 
the  compound  is  separated,  which,  however,  equally 
proves  the  chemical  agency  of  light.  It  had  generally 
been  supposed  that  the  blackening  of  the  muriate  of  sil- 
ver is  owing  to  the  disengagement  of  its  oxygen,  and  tlie 
approach  of  the  silver  to  the  nietallic  state  j  but  Berthollet 
has  shewn  by  experiment,  that  it  is  owing  to  the  separation 
of  a  portion  of  its  acid,  which,  when  the  experiment  is 
made  under  .water,  is  found  combined  in  that  fluid  %. 

—If  ; 

*  Essays  on  Air  and  Fire,  p.  83. 
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The  operation  of  bleaching  affords  another  example  of 
the  changes  which  light  is  capable  of  producing.  Colour 
is  in  this  case  indeed  removed,  but  this  depends  equally 
on  the  transfer  of  oxygen,  the  colouring  matter  of  the 
thread  receiving  that  principle  probably  from  the  decom- 
position of  the  water  with  which  the  substance  to  be 
bleached  must  be  supplied.  Its  colour  is  thus  discharged, 
and  it  is  also  rendered  capable  of  being  extracted  by  the 
alkaline  substances  by  which  the  operation  is  completed. 
This  formed  the  old  method  of  bleaching  ;  and  the  sub- 
stitution of  the  oxymuriatic  acid  under  various  forms  in 
the  new  mode,  affords  a  happy  illustration  of  the  theory 
of  the  changes  of  which  the  operation  consists. 

Even  the  processes  of  animated  nature  are  influenced 
by  the  chemical  agency  of  light.  "  Organization,  sen- 
sation, spontaneous  motion,  and  all  the  operations  of  life," 
says  Lavoisier,  "  exist  only  at  the  surface  of  the  earth, 
and  in  places  exposed  to  the  influence  of  light ;  and 
without  it  nature  itself  would  be  inanimate."  In  vege- 
tation it  acts  an  important  part,  and  its  effects  are  striking- 
ly exemplified  in  the  adaptation  of  plants  to  particular 
climates.  These  which  grow  under  a  clear  sky,  and  an 
intense  solar  light,  are  in  general  more  pungent,  odorous, 
and  aromatic,  than  those  which  are  placed  under  the  op- 
posite circumstances ;  and  plants  which  are  the  natives 
of  a  warm  climate  will  not  grow  or  produce  their  fruit  in 
situations  where  they  are  less  exposed  to  its  genial  influ- 
ence. The  artificial  exclusion  of  light  from  vegetables 
giving  rise  to  the  process  named  Etiolation  or  Blanching, 
afibrds  us  the  best  view  of  its  action  in  vegetation.  The 
plant  in  such  a  situation  always  extends  its  branphes  lo- 
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wards  any  opening  by  which  the  light  may  enter  ;  and  ' 
this  be  closed,  and  another  opened  in  a  different  situation, 
it  changes  the  direction  in  which  it  was  shooting,  and 
turns  still  towards  the  liglu  ;  and  in  this  way,  as  L'Abbc 
Tessier  has  shewn,  plants  may  be  made  to  grow  in  any 
direction.  If  kept  in  perfect  darkness,  they  begin  to  suf- 
fer a  remarkable  change}  become  feeble,  irritable,  in- 
sipid, and  of  a  white  or  yellowish  colour,  while,  if  trans- 
ferred to  a  situation  where  they  enjoy  the  solar  rays,  they 
regain  their  green  colour,  and  become  vigorous.  It  ap- 
pears that  these  changes  from  the  exclusion  of  light  are 
owing  to  the  accumulation  of  oxygen  in  the  plant,  and 
•  that  under  its  influence  this  principle  is  disengaged  from 
their  leaves,  derived  probably  from  the  decomposition  of 
water,  and  perhaps  of  other  compounds  subservient  to 
vegetable  nutrition.  According  to  the  experiments  of 
the  Abbe  Tessier,  confirmed  since  by  those  of  Decandolle, 
the  light  emitted  by  a  lamp  gives  even  a  green  colour  to 
the  leaves,  though  less  deep  than  that  from  the  light  of 
day.    The  light  of  the  moon  has  a  similar  effect  *. 

Nor  are  animals  exempt  from  the  influence  of  this  im- 
portant agent.  Deprived  of  it  they  suffer  nearly  the  same 
changes  as  vegetables  do,  and  the  darkness  of  their  colour 
is  in  general  greater  according  to  the  intensity  of  the 
light  to  which  they  are  habitually  exposed.  Insects 
which  live  under  ground  are  usually  of  a  light  shade  :  the 
animals  of  the  arctic  regions  are  almost  all  pale  or  white, 
while  those  belonging  to  the  tropical  couiltries  are  distin- 
guished by  the  variety  and  brilliancy  of  their  hues.  Even 


*  Momoires  de  I' Acad,  des  Sciences,  1783,  p.  155. 


OF  LIGHT.  519 

ill  man  we  trace  a  gradation  of  colour  proportioned  near- 
ly to  the  climate  in  which  he  resides. 

It  appears  from  the  experiments  of  Chaptal,  that  the 
process  of  crystallization,  especially  that  form  of  it  term- 
ed Saline  Vegetation,  in  which  capillary  crystals  shoot 
up  the  sides  of  a  vessel  containing  a  saline  solution,  is 
considerably  influenced  by  light.  He  found  it  to  take 
place  only  on  the  sides  of  the  vessel  which  were  illumi- 
nated ;  he  could  thus,  at  pleasure,  cause  it  to  rise  at  any 
side,  and  when  the  vessels  were  shaded,  the  line  of  sepa- 
ration between  the  part  exposed  to  the  light  and  the  part 
excluded  was  distinctly  marked  by  the  limit  of  the  crys- 
tallization. Metallic  salts  shewed  this  phenomenon  best  *. 

Scheele  prored,  that  the  changes  which  have  been 
described,  arise  from  the  peculiar  chemical  agency  of 
light,  and  not  from  its  heating  power.  Some  of  thepi 
indeed,  those  for  example  which  are  experienced  by  the 
nitric  and  oxymuriatic  acid,  cannot  be  produced  by  heat ; 
but  Scheele  further  established,  by  a  very  striking  expe- 
riment, the  difference  in  the  action  of  light  and  caloric. 
On  exposing  the  substances,  which  he  found  to  suffer 
changes  from  light,  to  the  rays  of  the  sun,  in  a  phial 
covered  with  a  thick  coating  of  black  paint,  though  the 
phial  became  very  hot,  the  substances  contained  in  it  did' 
not  undergo  the  least  change,  even  after  an  exposure  for 
several  days  to  the  operation  of  the  sun-beams  f .  Ber- 
thollet  made  a  similar  experiment ;  that  of  exposing  oxy- 
muriatic  acid  to  the  rays  of  the  sun,  in  a  phial  covered 


*  Journal  de  Piiysique,  t.  xxxiii.  p.  297. 
t  Essay  on  Air  and  Fire,  p.  96. 
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with  black  paper,  when  it  suffered  no  alteration,  nor  gay 
out  any  air,  as  it  does  from  the  direct  exposure  to  Tight 
Did  the  light  operate  in  these  cases  by  the  heat  it  excites, 
it  is  obvious,  that  under  such  circumstances  the  effects 
ought  to  be  the  same,  or  even  greater,  as  even  more  heat 
would  be  communicated  to  the  contained  substances. 

Rumford  has  stated  some  experiments  *  to  prove,  that 
light  has  no  peculiar  chemical  powers,  further  than  what 
depend  on  the  heat  it  excites,  and  that,  therefore,  heat 
will  produce  the  same  effects.  Independent  how^ever  of 
the  discordance  of  such  a  conclusion  with  the  preceding 
Jacts,  the  experiments  of  Rumford  are  quite  inconclusive. 
He  wetted  a  piece  of  ribband  with  a  solution  of  muriate 
of  gold,  and  held  it  stretched  horizontally  over  the  clear 
flame  of  a  wax  candle,  at  the  distance  of .  about  1^  inch 
above  the  point  of  the  flame.  Though  the  gold  was  not 
reduced,  the  ribband  assumed  a  purple  colour,  similar  to 
that  which  it  suffers  from  exposure  to  light.  Wetted 
with  nitrate  of  silver,  the  ribband  exposed  in  the  same 
ijianner,  assumed  a  dark  orange  tint.  When  the  ribband 
was  placed  by  the  side  of  the  candle,  at  the  same  dis- 
tance, it  suffered  no  change.  These  partial  reductic.  s, 
he  infers,  are  owing  to  the  operation  of  heat,  but  ■.'  y 
"may  with  equal  justice  be  ascribed  to  another  ca  , 
more  powerful,  which  he  did  not  attend  to, — the  asi  t 
of  inflammable  matter  with  the  current  of  air  from 
flame  of  the  candle.  In  the  clearest  flame  of  this  k  , 
the  whole  of  the  inflammable  matter  in  the  wick  1?  not 
burnt,  but  is  partly  volatilized,  and  may  be  collected  in 
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fine  powder,  of  the  nature  of  charcoal,  by  holding  a  body 
with  a'clean  polished  surface,  over  the  flame  and  it  is 
established  by  the  experiments  of  Mrs  Fulliame,  that  char- 
coal applied  to  these  very  solutions,  effects  their  reduction. 

In  another  experiment  Rumford  exposed  pieces  of  char- 
toal,  in  a  glass  tube,  with  a  dilute  solution  of  gold,  to  the 
rays  of  the  sun:  in  less  than  half  an  hour,  specks  of  revived 
gold  appeared,  and,  at  the  end  of  the  experiment,  the  sur- 
face of  the  charcoal  in  many  places,  and  the  inside  of  the 
glass  tube,  vi^here  it  was  in  contact  with  the  upper  surface 
of  the  liquid,  was  covered  with  particles  of  gold.  A  tube 
was  again  filled  with  the  solution  and  charcoal,  but  in- 
stead of  exposing  it  to  the  rays  of  the  sun,  it  was  shut 
up  in  a  tin  case,  and  exposed  in  the  dark,  for  two  hours, 
to  a  temperature  of  212°.    The  gold  was  in  this  case 
also  reduced,  and  adhered  to  the  surface  of  the  charcoal. 
With  a  solution  of  silver,  the  effects  were  the  same. 
From  these  experiments,  however,  no  argument  can  be 
drawn,  since  in  either  of  them  the  reduction  is  to  be  ascri- 
bed to  the  action  of  the  charcoal  ;  and  accordingly  Ber- 
thoUet,  in  repeating  them,  found,  that  in  both  cases,  that 
is,  in^  the  exposure  to  light  as  well  as  to  heat,  the  aerial 
products  disengaged,  shewed  that  it  was  the  charcoal 
which  had  operated*.  The  question  is,  can  heat  alone^  to 
the  extent  in  which  it  is  produced  by  the  solar  rays,  pro- 
duce the  chemical  effects  which  these  rays  alone  occasion 
We  have  no  fact  which  proves  this  ;  in  all  those  cases  of 
changes  from  the  action  of  light,  which  can  be  submitted 
to  accurate  experiment,  the  reverse  is  established  i  and  it 
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follows  from  them,  that  light  is  possessed  of  peculiar 
chemical  powers. 

What  is  tl  »e  power  of  the  different  prismatic  rays  itk 
producing  these  chemical  effects  ?  We  are  indebted  to 
Scheele  fot  the  first  observation  on  this  interesting  ques- 
tion. Having  refracted  the  sun-beam  by  a  prism,  a  piece 
of  paper  impregnated  with  muriate  of  silver,  was  put  in 
the  coloured  light»  and  it  b€can>e  sooner  black  in  the  vio- 
let than  in  any  of  the  other  rays  *.  This  experiment  was 
repeated  by  Sennebier,  who  ascertained  the  comparative 
powers  of  the  different  rays.  The  shade  produced  in  the 
muriate  of  silver,  by  exposure  to  the  violet  ray  for  15  se- 
conds, required  for  its  production,  the  action  of  the  pur- 
ple ray  to  be  continued  23  seconds,  of  the  blue  29,  of  the 
green  37,  of  the  yellow  5|  minutes,  of  the  orange  12 
minutes,  and  of  the  red  not  less  than  20  minutes  f.  la 
the  experiments  of  Sir  H.  C.  Englefield,  it  was  tried,  at 
the  suggestion  of  Mr  Davy,  whether  phosphorescence 
was  unequally  excited  by  these  rays,  and  it  clearly  ap- 
peared, that  the  blue  ray  had  a  much  higher  power  in 
rendering  Canton's  phosphorus  luminous  than  tlie  others. 

The  discovery  by  Herschel  of  the  invisible  calorific 
rays  in  the  solar  beam,  and  the  analogy,  that  as  tliere  is  a 
decrease  in  the  heating  power  from  the  red  ray,  on  one 
side  of  tlie  spectrum  through  the  others,  so  there  is  a  do- 
crease  in  the  chemical  power,  in  the  contrary  direction, 
from  the  violet  towards  the  red,  naturally  suggested  the 
inquiry,  whether  invisible  rays  distinguished  by  their  che- 
mical, powers,  might  not  exist  beyond  the  violet  ray. 


*  Essay  on  Air  and  Fire,  p.  91. 
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Ritter,  mflueuced  by  these  eonsiderations,  appears  to 
fiave  made  the  first  experiments  on  this  subject.  He 
placed  muriate  of  silver  without  the  solar  spectrum,  next 
to  the  violet  ray,  and  found  it  to  be  blackened.  On  plac- 
ing it  beyond  the  red  ray,  it  not  only  did  not  suffer  this 
change,  but  if  previously  a  little  blackened,  became  white; 
phosphorus  was  kindled  in  the  one  space,  that  beyond  the 
red  ray,  and  extinguished  in  the  other.  Exposed  to  the 
action  of  the  violet  ray,  the  muriate  of  silver  was  rather 
less  blackened  than  in  the  space  beyond  it,  where  the  in- 
visible chemical  rays  existed,  and  still  less  in  the  other  vi- 
sible rays.  He  concludes,  therefore,  that  there  are  two 
species  of  invisible  rays,  besides  the  visible  rays  in  the 
polar  beam,  one  species  calorific,  and  which  promote  oxi- 
dation, the  other  capable  of  separating  oxygen  when  it  is 
combined,  and  of  counteracting  its  combination  *. 

Dr  Wollaston  had  nearly  about  the  same  time  made 
similar  experiments,  and,  by  the  blackening  of  muriate 
of  silver,  had  discovered  the  existence  of  invisible  rays  be- 
yond the  violet. ray,  capable  of  producing  this  chemical 
effisct.  He  did  not  succeed  in  restoring  the  white  colour 
to  muriate  of  silver,  after  it  had  been  once  tinged,  how- 
ever slightly,  by  exposure  to  the  more  refrangible  rays. 
What  is  singular,  guiacum,  which  is  rendered  green  by 
exposure  to  light,  apparently  from  the  absorption  of  oxy- 
gen, suffers,  according  to  Dr  Wollaston,  this  change  in 
the  red  rays  of  the  spectrum,  and  at  the  other  extremity, 
instead  of  suffering  it,  has  its  yellow  colour  restored  f. 


*  Nicholson's  Journal,  vol.  v.  p.  255.  &  vol.  viii.  p.  214: 
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•  If  we  might  reason  by  analogy,  from  the  law  proved  by 
Dr  Herschel  to  be  observed  in  the  refrangibility  of  the  in- 
visible calorific  rays,  to  what  may  be  observed  by  the  in- 
visible chemical  rays,  we  should  conclude  that  they  may 
be  of  unequal  refrangibilities, — that  therefore  they  may 
not  only  exist  in  the  space  beyond  the  violet  ray,  but  be 
spread  over  the  prismatic  spectrum,  and  that  the  visible 
rays  may  owe  to  them  their  chemical  powers.  We  shall 
thus  have  three  species  of  radiant  matter  in  the  solar 
beam,  each  distinguished  by  a  single  property  not  possess- 
ed by  either  of  the  others  ;  the  rays  of  light  possessing  the 
power  of  exciting  illumination,  or  the  sensation  of  vision  j 
the  rays  of  caloric  producing  heat;  and  the  invisible  rays, 
which  are  distinguished  by  their  power  of  occasioning 
chemical  changes.  It  has  been  affirmed,  that  Ritter,  by 
transmitting  the  coloured  rays  through  different  prisms, 
has  separated  them  from  the  chemical  rays,  and  produced 
a  coloured  spectrum  devoid  of  chemical  action  *. 

From  observing  the  intimate  connection  between  light 
and  caloric,  some  philosophers  have  been  disposed  to  re- 
gard them  as  ultimately  the  same;  while  others,  with 
perhaps  more  reason,  regard  them  as  totally  distinct. 
This  question  is  still  the  subject  of  discussion.  Not  be- 
ing essentially  connected  with  the  chemical  history  of 
light,  I  have  placed  the  consideration  of  it  in  a 
Note  C. 

*  Nicholson''s  Journal,  vol.  viii.  p,  216. 
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CHAP.  III. 

OF  ELECTRlCITr  AND  GALVANISxM. 

•From  the  phenomena  denominated  Electrical,  the  ex- 
istence of  a  certain  agent  or  subtle  principle  has  been  in- 
ferred. This  principle,  Electricity,  besides  the  specific 
phenomena  arising  from  its  action,  is  productive  of  cer- 
tain chemical  effects,  and  is  so  far  therefore  an  object  of 
chemical  science.  There  is  reason  to  believe  that  Gal- 
vanism is  ultimately  the  same  principle  with  that  on  which 
electrical  phenomena  depend  ;  but  as  the  modes  of  exci- 
ting them,  and  the  effects  they  produce,  are  very  dissimi- 
lar, I  have  placed  their  history  under  different  sections. 
They  are  to  be  rejfaVded  as  repulsive  agents,  or  as  forces 
counteracting  attraction  •■,  and  galvanism,  in  particular,  is 
even  more  powerful  than  caloric  in  counteracting  chemi- 
cal affinity,  and  subverting  combination. 


SECT.  1.— O/'EAr/mzVy. 

Ip  a  glass  rod  be  rubbed  with  the  dry  hand,  or  with  a 
piece  of  silk,  in  a  short  time  sparks  os  flashes  of  light  will 
dart  from  its  surface  ;  and  on  presenting  to  it  small  pieces 
of  straw,  or  other  bodies  easily  moved,  tliese  will  first  be 
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attracted,  and  in  a  short  time  will  be  again  repelled.  All 
bodies,  however,  are  not  susceptible  of  being  brought  in- 
to this  state,  or,  when  subjected  to  the  same  or  greater 
friction,  do  not  present  the  same  phenomena.  If  the  a- 
bove  experiment  be  repeated  with  a  metallic  rod,  not  on- 
ly have  we  not  the  same  appearances,  but  no  sensible  ef- 
fect is  produced.  Hence  the  distinction  of  bodies  in  their 
relation  to  electricity  into  two  classes  ;  Electrics,  or  those 
which  afford  it,  from  friction,  and  Non- electrics,  or  those 
which  are  incapaible  of  being  excited,  or  of  preeenting, 
from  that  cause,  electrical  phenomena. 

If,  when  an  electric,  is'  under  excitation,  a  non-electric 
be  brought  nearly  or  altogether  into  contact  with  it,  thf 
electricity  which  is  accumulated  in  the  former  is  imme- 
diately carried  off  by  the  latter.  But  if  an  electric  be  ap- 
plied in  the  same  manner  to  the  one  which  has  been  ex- 
cited, it  will  not  withdraw,  or  carry  off  the  accumulated 
power.  Hence  another  distinction  is  established,  of  Con- 
ductors and  Non-conductors  ;  the  latter  being  tlie  same 
as  electrics,  or  those  in  which  el^tricity  is  excited  by- 
friction,  the  former  the  same  as  non-electrics,  which  are 
incapable  of  this  excitation.  Glass,  resinous  substances, 
sulphur,  oils,  and  aeriform  fluids,  are  the  principal  non- 
conductors ;  the  principal  conductors  or  non-electrics,  are 
metals,  a  number  of  saline  and  earthy  substances,  and  wa- 
ter. But,  by  certain  arrangements,  some  belonging  to 
the  one  class  may  be  made  to  receive  the  property  which 
is  characteristic  of  the  other. 

If  the  electric,  which  is  subjected  to  friction,  be  insul- 
ated, that  is,  supported  on  another  electric  or  non-con- 
ductor, the  quantity  of  electricity  evolved  is  inconsidera- 
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b!e,  and  is  soon  linmited.  But,  if  a  communication  of  it 
with  the  earth  be  established  by  the  medium  «f  a  con- 
ductor, it  will  afford  electricity  as  long  as  the  friction  is 
kept  up  ;  and  a  conductor  insulated,  if  placed  before  it, 
will  receive  the  electrical  power,  and  retain  it  until  ano- 
ther conductor  is  applied  to  it.  On  this  being  applied, 
the  accumulated  electricity  will  be  instantly  carried  off, 
and  in  this  way  a  stream  of  electricity  can  be  obtained. 
It  may  also  be  procured  in  a  more  concentrated  state,  by 
abstracting  it  less  rapidly.  On  these  principles,  the  com- 
mon electrical  machine,  from  which  these  effects  are  obtain- 
ed, is  constructed,- — a  glass  plate  or  cylinder  being  made 
to  revolve  against  a  cushion,  which  is  supported  on  a  glass 
pillar,  but  connected  with  the  earth  by  a  metallic  chain, 
and  a  large  metallic  tube,  named  the  prime  conductor, 
being  placed  before  the  plate  or  cylinder,  and  insulated 
by  being  supported  on  a  pillar  of  glass.  The  electricity 
excited  by  the  friction  of  the  plate  or  cylinder  against  the 
cushion,  is  collected  by  the  prime  conductor,  and  on  the 
approach  of  any  conducting  substance,  passes  off  under 
the  form  of  a  stream  or  spark. 

Electricity,  tlien,  is  excited  by  the  friction  of  an  elec- 
tric ;  but  different  electric  substances,  or  the  same  elec- 
tric under  different  circumstances,  exhibit  different  phe- 
nomena under  a  state  of  excitation.  If  a  glass  rod  be  ck- 
cite<l  by  friction  with  a  piece  of  woollen  cloth,  on  approach- 
ing to  it  a  light  body,  as  a  small  bit  of  cork,  the  cork  is 
first  atfracted  ;  in  a  short  time  it  is  repelled,  and  is  not 
again  attracted  until  it  has  been  touched  by  a  conducting 
body.  But,  if  a  rod  of  sulphur  has  been  excited  by  fric- 
tion with  the  cloth,  the  cork,  in  the  state  in  which  it  is 
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repelletl  by  the  glass,  is  attracted  hy  the  sulphur,  and  on 
the  other  hand  is  repelled  by  the  sulphur,  when  in  that 
state  in  which  it  is  attracted  by  the  glass.  These  electrics 
present  also  the  electrical  light  under  dilFerent  forms.  If 
a  pointed  conductor,  as  a  needle,  be  presented  to  the  glass, 
a  round  lucid  point  appears  on  its  extremity  in  the  dark, 
but  if  presented  to  the  sulphur,  a  pencil  of  rays  seem  to 
issue  from  the  needle.  And  if  two  bodies  in  these  dif- 
ferent states  be  brought  into  contact,  or  be  made  to  com- 
mutiicate  by  a  conductor,  the  electricity  in  the  one  ap- 
pears to  destroy  that  in  the  other,  and  the  electrical  phe- 
nomena cease.  These  two  electricities  being  first  obtain- 
ed, the  one  from  glass,  the  other  from  sealing  wax  and 
other  resinous  bodies,  by  friction,  were  named  the  Vi- 
treous and  the  Resinous,  and  were  regarded  as  essentially 
different. 

It  was  discovered,  however,  that  when  two  electrics 
are  rubbed  against  each  other,  the  one  acquires  always 
the  pne  electricity,  the  other  the  other.  Thus,  in  the 
common  electrical  machine,  when  the  cushion  is  insula- 
ted, on  friction  being  made  it  exhibits  what  has  been 
termed  the' resinous,  while  the  glass  gives  the  vitreous  e- 
lectricity.  And,  by  certain  management,  particularly  em- 
ploying different  substances  to  excite  friction,  or  by  alter- 
ing the  surface,  the  same  electric  may  be  made  to  exhibit 
either  electricity,  glass  the  resinous,  and  sulphur  or  seal- 
ing-wax the  vitreous. 

Franklin,  from  such  facts,  was  led  to  deny  that  these 
electricities  were  different,  and  to  explain  the  phenomena 
on  a  more  simple  hypothesis, — that  there  exists  only  one 
agent,  by  which  they  are  produced,— a  fluid  highly  elas- 
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tic,  or  repulsive  of  its  own  particles,  but  attracting  and  at- 
tracted by  the  particles  of  other  matter  ; — that  in  all  bo- 
dies a  portion  of  this  subtle  principle  is  present,  and 
when  present  in  them,  in  the  proportion  natural  to  each, 
they  exhibit  no  electrical  phenomena ;  but,  if  subjected 
to  certain  operations,  particularly  to  friction,  the  equili- 
brium is  disturbed,  and  the  body  either  acquires  more,  or 
lias  less,  than  its  natural  proportion.    In  the  former  case 
it  is  said  to  be  electrified  jplusy  in  which  state  it  presents 
the  phenomena  ascribed  to  what  was  called  the  vitreous 
electricity  :  in  the  latter  case  it  is  said  to  be  electrified 
n^ifiusy  which  corresponds  with  the  state  of  resinous  elec- 
tricity ;  and  hence  instead  of  these  terms,  the  phrases  Po- 
sitive and  Negative  electricity  are  employed  in  the  Frank- 
linian  theory.    This  theory,  or  rather  hypothesis,  accord- 
ed with  the  phenomena  of  electricity,  and  in  particular 
gave  a  happy  explanation  of  the  discharge  of  the  Leyden 
phial.    Hence  electricians  have  in  general  been  disposed 
to  prefer  it.    It  has  never  been  established,  however,  by 
any  very  rigorous  evidence,  nor  has  the  opposite  hypothes- 
is been  disproved,  or  even  shewn  to  be  inconsistent  with 
facts.    Assuming  the  existence  of  two  fluids,  each  of 
x\  hich  repels  its  own  particles,  but  attracts  those  of  the 
!ier,  which  are  contained  in  all  bodies,  but  are  separa- 
1  by  certain  causes,  particularly  by  friction,  which  when 
parat€  give  rise,  and  that  in  proportion  to  their  quanrity, 
0  what  are  termed  the  Positive  and  Negative  electric 
-res,  and  which  when  united  produce  that  equilibrium 
'  liich  is  not  discoverable  by  any  electrical  phenomena,— 
aiitting  these  assumptions,  the  phenomena  of  electrici- 
y  can  be  explained.    The  experiments,  which  have  been 
Vol.  I.  I,  I 
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supposed  to  show  the  direction  of  the  motion  of  the  elec- 
tric fluid,  and  by  which  of  course  the  positive  and  nega- 
tive states  of  a  body  with  regard  to  it,  it  is  imagined,  are 
discovered,  are  admitted  to  be  fallacious  or  inconclusive, 
and  are  solved  on  the  hypothesis  of  two  fluids,  by  the  sup- 
position that  the  facility  with  which  the  one  is  conducted, 
or  the  resistance  opposed  to  it  by  the  varieties  of  matter, 
is  somewhat  different  from  that  opposed  to  the  other. 
The  only  advantage  which  the  system  of  Franklin  can 
claim,  is  Its  superior  simplicity.  On  the  other  hand,  from 
the  phenomena  of  galvanism  It  appears  that  the  two  elec- 
tricities, whatever  may  be  their  nature,  exert  difl^erent 
chemical  agencies  ;  and  hence,  whatever  theory  be  adopt- 
ed, it  has  become  still  more  necessary,  in  their  chemical 
history,  to  distinguish  between  them. 

The  chemical  agency  of  electricity  seems  to  be  con- 
nected with  4ts  power  of  exciting  a  high  temperature. 
The  mode  in  which  it  does  this,  or  the  nature  of  its  rela- 
tion to  caloric,  is,  however,  rather  obscure.  It  appears, 
that  in  passing  through  any  body  in  such  a  quantity  that 
it  is  not  accumulated,  or  does  not  meet  with  resistance,  it 
does  not  produce  any  sensible  heat.  Van  Marum  placed 
the  bulb  of  a  very  sensible  thermometer  in  a  cavity  in  a 
brass  plate,  five  inches  in  diameter,  and  eleven  In  length, 
which  was  suspended  by  silk  strings  near  the  conductor  of 
his  powerful  electrical  machine.  Neither  from  positive 
nor  negative  electricity  was  there  any  rise  of  temperature, 
nor  was  any  perceived  when  the  bulb  was  placed  in  a  ca- 
vity in  a  piece  of  charcoal.  But  If  the  bulb  of  the  ther- 
mometer were  suspended  loose  between  two  conductors 
so  as  to  have  the  stream  of  electric  matter  directed  upon 
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it,  it  rose  with  a  powerful  apparatus  80  or  100  degrees 
of  Fahrenheit's  scale,  and  this  whether  the  experiment 
were  made  in  vacuo,  in  atmospheric  air,  or  in  any  other 
gas  *.    When  a  thermometer  is  placed  between  imperfect 
conductors,  its  temperature  is  raised.    Nairne  observed, 
that  when  the  bulb  was  placed  in  the  luminous  current 
between  two  balls  of  wood,  it  rises  32  degrees  ;  and  Van 
Marum  found,  that  in  placing  it  in  a  cavity  in  a  rod  of 
wood,  placed  between  the  ball  of  the  conductor  and  the 
conducting  wire  of  his  apparatus,  it  rose  in  five  minutes 
from  61°  to  112°.    In  its  concentrated  state,  under  the 
form  of  the  spark',  it  is  even  capable  of  kindling  inflam- 
mable bodies,  as  ether,  or  spirit  of  wine  ;  or  if  transmit- 
ted through  mixed  gases,  the  particles  of  which  have  mui- 
tual  affinities,  it  acts  on  the  mixture  as  a  spark  from  au 
Ignited  body  would,  and  by  its  heating  power  causes  them 
to  combine.    This  power  is  of  course  still  more  conspi- 
cuous in  the  discharge  from  a  coated  jar,  or  from  an  elec- 
trical battery ;  a  heat  is  produced,  not  only  sufficient  to 
cause  inflammables  to  burn,  but,  according  to  the  strength 
and  celerity  of  the  discharge,  to  ignite,  and  even  to  melt 
the  most  refractory  of  the  metals.    From  the  highest 
charge  of  a  battery,  containing  135  square  feet  of  coated 
surface,  Van  Marum  found  he  could  fuse  180  inches  of 
iron  wire,  -rfo^h  °^      '"^^      diameter,  or  6  inches  of 
iron  wire  ^\th.  of  an  inch  ;  from  a  charge  of  a  battery  of 
350  square  feet  of  coated  surface,  25  inches  of  the  latter 
wire  were  melted  ;  and,  according  to  a  subsequent  expe- 
riment from  the  discharge  of  a  battery  of  550  square  feet 
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of  coating,  an  iron  wire,,  ^^th.  inch  in  diameter,  and  24 
inches  long,  waa  thrown  to  a  distance  in  small  red-hot 
globules.  A  discharge  on  quartz,  one  of  the  most  infu- 
sible minerals,  rounded  its  corners  and  points,  and  even 
fused  a  part  of  it. 

Tlie  power  of  the  electric  fluid  in  thus  exciting  a  high 
temperature,  appears,  therefore,  to  be  proportioned  to  the 
resistance  opposed  to  it  in  its  transmission  :  hence  a  small 
quantity  o£  it  passing  through  a  perfect  conductor  pro- 
duces no  heat;  and  when  heat  is  excited,  it  is  regulated 
in  a  great  measure  by  the  quantity  transmitted,  and  the 
volume  of  the  body  through  which,  it  is  made  to  pass. 
The  same  quantity  which,  if  passed  through  a  metallic 
wire  of  moderate  thickness,  will  produce  little  or  no  heat, 
on  being  transmitted  through  a  similar  wire,  but  of  only 
one- tenth  the  diameter  of  the  other,  will  extricate  a  quan- 
tity of  caloric  sufficient  to.  melt  it. 

Though  this  be. true,  however,  to  a  certain  extent,  it  is 
not  strictly  so.  :  Ifi  a  wire  o£a  given  diameter  be  melted 
by  the  discharge  from  a  given,  coated;  surface,  a  wire  of 
double  the  diameter  will  not  be  melted  by  the  discharge 
from  double  that  surface,  but  on  the  contrary  will  require 
a  much  larger  quantity.  And  a  very  singular  fact  is  to 
be  remarked  on  this  subject,  that  if  a  quantity  of  elec- 
tricity be  discharged  on  a  metallic  wire,  sufficient  to  melt 
it,  on  discharging  on  the  same  wire  a  quantity  a  little  less, 
we  do  not  obtain  a  rise  of  temperature  a  Httle  inferior  to 
what  was  excited  in  the  first  experiment,  but  a  rise  which 
is  comparatively  extremely  inconsiderable.  A  wire  of 
platina  was  melted  by  a  shock  of  a  certain  strength  dis- 
cliarges  a  little  weaker  were  transmitted  through  a  similar 
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wire,  and  the  'temperature  they  exritecU  instead  of  ap- 
proaching to  the  intense:  heat  iecessary  to  fu>-e  platina, 
was  estimated  not  to  exceed  that  of  boiling  water*.  From 
this  fact,  Berthollet  revives  an  f)f>inioii  wliic'h  *w'as  onee 
maintained  by  electricians,'  of  what  .wa|  termed  a  Cold 
Fusion  being  produced  by  ekctricTty  ;  or  aS  he  states  it, 
the  electricity  operates  in  fusing  bodies,  not  **  by  an  ele- 
vation of  temperature,,  but  by  a  dilatation  which  separates 
the  particles  of  bodies."  The  hypothesis  is  not  a-  \^ry 
clear  one;  and  in  reference  to  this  very  iqliestion,  it  has 
been  proved,  tliat  when  a  body  loses  its  solidity  from  an 
electric  discharge,  it  is  actuary  fused,  ztid  withan  increase 
of  temperature  f,  however  the  fact  rhay  be  explained,  that 
a  charge  somewhat  inferior  to  this  does  'not  raise  the  tem- 
perature near  to  the  fusing  point. 

Van  Marum  found,  that  tfie.  fusibilities  of  the  different 
metals  by  the  electric  fluid  are  different  from  their  fusi- 
bilities by  the  direct  application  of  caloric.  The  same 
quantity  of  electricity  was  discharged  through  wires  of 
the  same  diameter  of  the  different  metals.  120  inches 
of  zinc  were  melted  ;  the  same  of  lead  ;  of  iron  5  inches  j 
of  gold  3| ;  and  of  silver  and  copper  not  quite  a  quarter 
of  an  inch.  Hence,  it  appears,  that  lead  and  zinc  at^  e- 
qually  fusible  by  the  electric  fluid,  though  to  melt  them 
ty  the  direct  application  of  caloric  different  degrees  of 
temperature  are  requisite  ;  and  iron,  though  much  less 
fusible  than  gold  or  silver  by  heat,  is  melted  in  greater 

*  Chemical  Statics,  vol.  i.  p.  423. 
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quantity  by  die  electric  fluid.  It  is  possible  that  different 
metals  may  differ  somewhat  in  the  resistance  they  oppose 
to  the  transmission  of  electricity,  and  perhaps  also  the 
heat  excited  by  that  agent  may  be  similar  to  that  produc- 
ed by  friction  or  percussion,  of  course  connected  with  the 
vibratory  motion  of  the  bodies  subjected  to  it,  and  there- 
fore m  some  measure  dependent  on  the  capability  of  bo- 
dies of  being  put  into  such  a  state. 

From  its  power  of  exciting  heat,  electricity  often  fa- 
vours chemical  combination,  and  in  particular  cases  is  a 
more  convenient  form  of  applying  heat  for  that  purpose 
than  any  other.    Its  power  in  promoting  combination  is 
well  exemplified  in  the  change  it  produces  on  the  surface 
of  metals  through  which  it  is  transmitted,  while  they  are 
exposed  to  the  atmospheric  air.    It  causes  them  to  com- 
bine with  the  oxygen  of  the  air,  or  their  surface  suffers 
precisely  the  same  change  as  when  under  the  same  expo- 
sure they  are  exposed  to  heat;  and  if  the  electric  discharge 
has  been  powerful,  the  change  is  effected  through  the 
whole  substance  of  the  metal.    In  this  way,  all  the  me- 
tals may  be  oxidated,  even  those  which  resist  the  applica- 
tion of  common  fire,  as  has  been  shewn  by  Mr  Cuthbert- 
son  in  a  series  of  experiments  on  this  subject  *.    It  is 
principally,  however,  to  promote  the  combination  of 
gaseous  bodies  that  electricity  is  applied.    The  apparatus 
employed  is  a  thick  glass  tube,  PI.  VIII.  Fig.  58.,  her- 
metically sealed  at  one  end,  the  sides  of  which,  at  about 
the  distance  of.  two  inches  from  the  sealed  end,  are  per- 
forated with  small  holes,  in  which  are  fixed  by  cement 
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two  metallic  wires,  the  extremities  of  which,  within  the 
tube,  are  distant  one-fourth  of  an  inch.  This  instrument 
being  filled  with  water  or  quicksilver,  and  inverted,  a 
quantity  of  the  gases  intended  to  be  combined,  mixed  in 
the  due  proportion,  is  introduced,  so  as  to  depress  the 
fluid  an  inch  or  more  beneath  the  wires.^  The  electric 
spark  is  made  to  pass  from  the  one  wire  to  the  other, 
by  connecting  one  of  them  with  the  conductor  of  the  com- 
mon electrical  machine,  and  hanging  a  chain  on  the  other. 
Sometimes  only  one  wire  is  inserted  in  a  perforation  in 
the  head  of  the  tube,  and  fixed  with  cement,  represented 
Fig.  59. ;  it  is  of  such  a  length  as  to  descend  three  or 
four  inches  within  it ;  and  when  connected  with  the 
electrical  machine,  the  spark  is  taken  from  its  extremity 
within  by  the  conducting  power  of  the  fluid  beneath, 
which  must  of  course  be  distant  from  it  not  more  tlian 
half  an  inch.  In  the  mixture  of  some  gases  a  single 
spark  is  sufficient  to  cause  the  combination  to  proceed 
through  the  whole  mixture,  so  much  caloric  being  evolv- 
ed-from  the  action  of  the  particles  first  combined  as  to 
cause  the  instantaneous  combination  of  the  others.  In 
other  cases,  a  stream  of  sparks  requires  to  be  transmit- 
ted ta  produce  the  combination  to  any  perceptible  extent. 

By  the  same  agency,  electricity  is  able  to  effect  chemi- 
cal decomposition.  If  the  spark  is  taken  in  a  compound 
gas,  ammonia,  or  nitrous  gas,  for  example,  it  separates  its 
constituent-  parts  j  if  an  interrupted  electrical  discharge  be 
sent  through  water,  it  is  attended  with  the  disengagement 
of  a  small  quantity  of  elastic  fluid,  and  when  repeated 
sufficiently  to  admit  of  this  being  examined,  it  is,  as  Dr 
Tearson  has  shewn,  a  mixture  of  the  two  gases  which 
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form  water.  Other  compound  fluids  are  decomposed  lu 
a  similar  manner,  as  liquid  ammonia  and  alkohol ;  and  if 
the  metallic  oxides  be  exposed  to  a  very  strong  explosion 
from  a  battery,  they  are  reduced  to  the  metallic  state  *. 

The  electric  fluid  is  also  intimately  connected  with 
light,  and  to  this  some  of  its  chemical  effects  may  proba- 
bly be  attributed.  When  it  passes  through  the  air  from 
one  conductor  to  another,  it  exhibits  a  luminous  spark  ; 
when  discharged  through  a  vacuum  the  most  perfect  the 
air-pump  can  produce,  it  presents  very  vivid  corrusca- 
tions ;  these  appear  even,  though  more  faintly,  in  the 
Torricellian  vacuum.  In  transmission  through  any  fluid, 
if  the  quantity  of  fluid  be  not  large  proportioned  to  the 
discharge,  it  is  always  rendered  luminous  f  j  or  if  dis- 
charged in  large  quantities  over  the  surface  of  a  solid,  a 
brilliant  illumination  is  produced.  The  electrical  light 
is  also  heterogeneous,  or  consists  of  the  different  refran- 
gible rays.  Priestley  observed  these  by  a  prism  ;  and 
Morgan  has  remarked  that  the  electric  light  may  be  made 
to  assume  different  colours  according  to  the  medium  in 
which  it  is  taken  ;  sometimes  the  more  refrangible  rays 
being  separated,  sometimes  the  less.  A  spark  conveyed 
through  a  vacuum  not  perfect,  displays  the  indigo  rays  ; 
taken  in  the  vapour  of  ether  it  is  green,  and  in  ammoni- 
acal  gas  red.  Or  if  the  electric  discharge  be  transmitted 
over  a  piece  of  insulated  wood,  by  placing  the  wires  be- 
tween which  the  discharge  takes  place  at  different  dis- 
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tanccs  from  the  wood,  the  light  will  exhibit  nearly  all  the 
prismatic  colours  *. 

It  may  be  doubted  if  electricity  could  produce  sonoe 
of  the  chemical  changes  it  does,  ^had  it  not  this  connec- 
tion with  light.  In  decomposing- water,  or  reducing  the 
metallic  oxides,  it  is  necessary  that  it  should  be  capable 
of  affording  light  to  the  principles  it  separates,  as  these 
contain  light  as  a  constituent  part.  A  portion  of  water 
may  be  decomposed  in  a  tube  by  the  electric  discharge, 
and  by  transmitting  the  spark  through  the  gases  into 
which  it  is  resolved  they  combine,  the  combination  be- 
ing accompanied  with  a  flash  of  light,  and  this  may  be 
repeated  any  number  of  times.  The  light  thus  contain- 
ed in  the  gases,  and  extricated  when  they  combine,  must 
at  their  evolution  from  the  water  have  been  derived  from 
the  electric  fluid. 

The  chemical  agencies  of  electricity  are  as  yet,  how- 
ever, but  imperfectly  developed,  and  there  are  a  number 
of  facts  which  prove  it  to  be  absorbed  or  evolved  in  che- 
mical changes  where  its  influence  has  scarcely  been  tra- 
ced. The  electrical  phenomena  exhibited  by  the  tour- 
malin shew  that  electricity  is  excited,  and  its  different 
states  produced,  in  some  cases  merely  by  variations  of 
temperature.  Even  its  excitation  in  the  electrical  ma- 
chine is  promoted  by  chemical  action,  as  on  this  appears, 
in  a  considerable  measure,  to  depend  the  effect  of  the 
amalgam  applied  to  the  rubber,  the  power  of  which  is 
greater  when  it  is  composed  of  oxidable  metals  than  of 
those  which  are  not  so  susceptible  of  oxidation.  The 
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538 


OF  ELECTRICJTV. 


experiments  of  Wilcke  and  -^pinus  shew  that  in  fusic;. 
and  congelation  the  different  electricities  are  excited,  and 
the  states  of  plus  and  minus  produced  in  the  body  which 
has  suflTered  the  change,  of  form,  and  the  matter  with 
■which  it  has  been  in  contact  during  the  change  -y  this  hap- 
pens to.o  in  the  formation  and  condensation  of  vapour, 
and  Volta  traced  it  in  different  cases  of  chemical  action. 
The  observation  of  such  facts  becomes  more  important 
since  the  connection  of  electricity  with  galvanic  pheno- 
jnena  has  been  established,  and  that  connection  has  it- 
self more  clearly  demonstrated  the  importance  of  Elec- 
tricity as  a  chemical  power. 


SECT;  II.— 0/"  Gahanisiiu 

Galvanism  is  supposed  to  be  essentially  the  same 
principle  as  electricity.  Admitting  this,  however,  its  ef- 
fects, its  mode  of  production,  and  the  laws  which  it  ob- 
serves in  its  action,  are  so  far  dissimilar,  that  it  is  proper 
to  consider  it  under  a  separate  section. 

Our  knowledge  of  this  agent,  is  of  recent  date.  Gal- 
vani,  an  Italian  physiologist,  observed  the  first  striking 
phenomenon,  which,  becoming  the  subject  of  investiga- 
tion, led  to  the  -distovery  of  the  principle  which  has  from 
hixn  derived  its  name, 

Some  observations  having  occurred  to  him  on  the  faci- 
lity, with  which  the  muscular  fibres  of  a  frog  are  excited 
to  contraction  by  electricity,  he  M^as  induced  to  make 
some  experiments,  from  which  the  discovery  resulted, 
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that  by  merely  applying  a  conductor  of  electricity  to  the 
nerve  and  muscle  of  an  animal,  contractions  are  excited. 
This  led  him  to  conclude,  that  the  two  parts  are  in  dif- 
ferent states  of  electricity,  one  plus^  the  other  minus  ;  and 
that  the  application  of  the  conductor  causes  the  discharge, 
whence  the  contraction  in  the  muscle.   The  subject  was 
prosecuted  by  some  other  physiologists,  and  the  term 
Animal  Electricity  was  applied  to  the  agent  concerned 
in  this  phenomenon,  from  the  hypothesis  that  it  was  ge- 
nerated in  the  animal  system, — an  hypothesis  apparently 
justly  deduced  from  these  phenomena,  and  confirmed  by 
the  analogy  drawn  from  the  electrical  animals,  the  Tor- 
pedo, Silurus  electricus,  and  Gymnotus  electricus,  from 
whose  singular  economy  sufficient  proofs  were  obtained 
of  the  power  of  the  living  system  to  produce  electricity. 

Volta,  to  whom,  more  than  to  any  philosopher,  we 
are  indebted  for  our  knowledge  of  Galvanism,  considered 
these  phenomena  under  i  different  point  of  view.  It 
,  had  been  found,  that  by  coating  the  nerve  of  the  animal 
with  metal,  the  contractions  excited  are  considerably 
stronger :  Volta  concluded  that  the  electricity  is  gene- 
rated by  the  metal,  not  by  the  animal  ;  and  that  the  in- 
troduction of  living  matter  into  the  arrangement,  serves 
only  to  render  evident  the  production  rf  small  quantities 
of  this  power.    His  experiments  shewed  that  the  con- 
nection of  a  nerve  with  a  muscle  was  not  requisite,  but 
that  if  two  metals  be  applied  to  different  parts  of  a  single 
muscle,  on  connecting  them  by  an  electrical  conductor, 
contractions  are  excited.   He  shewed  also  that  in  a  simi- 
lar way  sensations  can  be  excitet*"s  that  when  one  metal, 
for  example,  is  applied  to  the  under  surface  of  the  tongue, 
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:ind  another  to  the  upper  surface,  on  bringing  their  edge 
into  contact,  or  connecting  them  by  a  conductor,  a  pecu- 
Jiar  taste  is  instantly  felt  *. 

For  some  time  the  prosecution  of  these  experiments, 
and  the  discussion  of.  the  questions,  whether  these  phe- 
nomena  arise  from  electricity,  or  from  a  principle  ana- 
logous, but  stiJi  different ;  and  whether  this  principle 
is  generated  or  not  in  the  anjmal  system,  engaged  the 
attention  of  philosophers,  ■  'At  length  the  capital  disco- 
\'ery  by  Voha  of  a  mode  of  augmenting  greatly  the  gal- 
vanic energies,  demonstrated  the  falisity  of  tiie  hypothesis 
that  its  production  is  a  process  of  vitality,  . extended  these 
investigations,  and  in  particular  led  to  the  discovery  of 
the  chemical  agencies  of  this  power.  . 

Hitherto  galvanism  had  been  excited  by  the  contact  or 
communication  of  two,  plates  only,  of  metals,  but  it  oc- 
curred to  Volta,  that' by  employing  a  number  of  plates, 
and  establishing  a  connection  among  them,  the  effect 
might  be  much  increased.  This  suggested  the  Voltaic 
pile,  of  which  Volta  transmitted  an  account  to  the  Royal 
Society  of  London  f.  To  construct  it,  a  plate  of  metal, 
suppose  of  silver  or  copper,  is  placed  oh  any  support ;  on 
it  is  placed  a  similar  plate  of  another  metal,  suppose  zinc, 
and  over  this  a  piece  of  card  or  cloth  of  the  same  size, 
previously  moistened ;  this  series  of  silver,  zinc,  and 
moistened  card,  if.  repeated  in  the  same  order,  and  in  this 
way  a  pile,  consisting  of  20,  30  or  50  pieces  of  each 
metal  is  reared,  as  represented.  Fig.  61.  PJ.  VIII.  In 


*  Letter  of  Volta,  Philosophical  Transactions,  1793,  p.  10. 
+  Philosophical  l-ransactions  for  ISOO,  p,  403. 
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lis  arrangement  we  have  the  accumulated  action  of  the 

cces.  of  which  it  consists,  and  aeccrdingly  the  effect  is 
j)roportionaIly  great.  If  the  finger,  moistened,  be  ap- 
;ilied  to  the  top  of  the  pile,  and  another  finger,  raoisten- 

1,  60  the  under  plate  of  the  pile,  the  moment  this  con- 
tact is  established,  a  pungent  sensation  is  felt,  somewhat 
similar  to  an  electrical  shock. 

Another  arrangement,  similar  in  principle^,  which  Volta 
also  used,  and  which  in  particular  is  convenient  in  ascertain- 
ing the  powers  of  different  fluids,  is  that  which  he  names 
the  Couronne  de  Tasses,  represented  Fi^.  6^.  It  consists 
\)(  a  series  of  glass  cups  nearly  filled  with  water,  a  saline 
solution,  or  whatever  fluid  is  used  to  promote  the  produc- 
tion of  galvanism.  In  the  first  is  put  a  plate  of  metal, 
-  uppose  silver  ;  from  this  plate  there  is  a  wire  or  thin  flat 
piece  of  the  same  metiil,  which,  by  a  curvature,  can  be 
inserted  also  into  a  second  cup,  in  which  is  placed  a  plate 
of  a  difEsrent  metal,  suppose  zinc,  to  which  this  wire  is 
also  attached.  We  have  thus  the  two  metals  connected 
by  a  metallic  arc,  with  fluid  surrounding  them.  In  the 
second  cup  is  placed  another  plate  of  silver,  at  a  distance 
from  the  zinc,  which,  as  in  the  former,  is  connected  with 
a  plate  of  zinc  in  a  third  cup ;  and  in  this  manner  the 
series  is  carried  on. 

With  the  pile  of  Volta  a  number  of  experiments  were 
soon  made  by  the  British  chemists,  and  by  them  was  dis- 
covered its  agency  in  producing  chemical  effects.  Mr 
Carlisle  and  Mr  Nicholson  found,  that  at  the  two  extre- 
mities of  the  pile,  electricity  is  in  opposite  states ;  in  that 
which  commences  with  the  more  oxidablo  metal,  as  the 
2lnc,  it  is pltis^  in  that  terminating  with  tlie  silver,  it  is 
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tninus,  as  Volta,  by  the  aid  of  his  condensor,  had  before 
observed.  The  electric  spark  was  also  perceived  :  and 
observing  accidentally,  that  from  a  globule  of  water  on 
the  upper  metallic  piece  of  the  pile,  a  small  stream  of 
gas  arose,  which  had  the  smell  of  hydrogen,  Mr  Nichol- 
son proposed  to  introduce  wires,  connected  with  the  two 
extremities  of  the  pile,  into  a  tube  filled  with  water. 
Immediately  on  making  this  experiment,  a  stream  of  hy- 
dlrogen  gas  arose  from  the  wire  connected  with  the 
minus  side  of  the  pile,  and  the  wire  connected  with  the 
other  appeared  to  be  oxidated.  On  employing  wires  of 
a  metal  not  easily  oxidable,  as  platina,  a  stream  of  gas 
issued  from  each,  that  from  the  one  being  hydrogen,  froni 
the  other  oxygen  *. 

These  experiments  immediately  attracted  attention,  and 
were  prosecuted  by  Messrs  Cruickshank,  WoUaston, 
Davy,  Henry,  Haldane,  and  other  British  chemists,  by 
whom  a  number  of  interesting  facts  on  the  chemical 
agencies  of  this  power  were  observed  ;  and  Mr  Cruick- 
shank, by  his  invention  of  the  galvanic  trough,  so  much 
more  powerful  and  convenient  than  the  pile,  facilitated 
greatly  these  inquiries.  The  Continental  philosophers, 
in  a  short  time,  also  began  the  investigation  of  the  sub- 
ject. Fourcroy  and  Vauquelin,  Thenard,  Van  Marum, 
TromsdorfF,  Ritter,  and  Volta,  have  added  a  number  of 
important  facts.  From  the  materials  thus  amassed,  I 
shall  present  a  statement  of  the  effects  and  laws  of  gal- 
vanism. 

The  apparatus  by  which  it  is  produced  and  applied,  is 


*  Nicholson's  Journal,  4to,  vol.  iv.  p.  179. 
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first  to  be  described.  The  Trough  invented  by  Mr  Cruick- 
«hank,  is  preferable  to  every  other  arrangement,  and  is  at 
present  always  used.    It  consists,  Fig.  fiB.  of  a  hollow 
box  or  trough,  of  hard  and  well-seasoned  wood,  in  the 
aides  of  which  are  cut  small  grooves,  at  the  distance  from 
each  other  of  from  ^  to  *  of  an  inch,  according  to  the 
width  of  the  box.    Plates  of  two  metals,  generally  of 
•copper  and  zinc,  not  less  than  2  or  3  inches  square,  and 
often  much  larger,  are  soldered  firmly  together,  and  this 
Koldered  or  double  plate  is  inserted  in  the  first  groove  of 
the  box,  and  fixed  in  it  by  a  cement  of  resin  arui  wax,  so 
well  applied  that  no  liquid  can  pass  through.    This  is 
repeated,  fixing  a  doulile  plate  in  each  groove,  and  taking 
care  that  the  order  in  which  they  are  inserted  sliall  not 
be  reversed,  but  that  if  the  copper  side  of  the  double 
plate  has  been  next  to  the  extremity  of  the  trough  at 
which  the  insertion  has  commenced,  the  copper  sides  of 
all  the  others  shall  be  in  the  same  order,  and  the  zinc 
iide  of  the  last  plate  shall  therefore  be  oppoi,ite  to  the 
other  extremity.  The  grooves  thus  filled  by  the  metallic 
plates,  being  at  a  certain  distance  from  each  other,  there 
are  of  course  cells  or  cavities  V'tween  them,  and  these 
are  designed  to  contain  the  fluid  by  which  the  galvanism 
is  excited,  or  they  serve  the  same  purpose  as  the  moisten- 
ed cards  or  pieces  of  cloth  in  the  pile  of  Volta- 

This  arrangement  is  possessed  of  great  advantages, 
compared  with  the  pile.  The  surfaces  of  the  two  metals 
which  are  in  contact,  by  being  soldered,  are  prevented 
from  suffering  any  chemical  change,  by  which  their  con- 
ducting power  would  be  impaired,  and  the  cells  contain- 
ing so  much  liquid,  the  trough  can  be  preserved  longer  in 
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action,  than  the  jiile,  m  which  the  moistened  cards  soon 
beconae  dry  j  and  the  action  from  a  given  surface  of  me- 
tal, is  also  from  the  samQ  cause  more  energetic.    It  is  al- 
so mu^h  less  troublesome  to  put  the  apparatus  in  a  state' 
of  action,  and  keep  it  clean. 

The  metals  used  are  generally  zinc  and  copper,  and 
these,  on  the  whole,  answer  best ;  silver  and  zinc,  from 
experiments  with  the  pile,  appear  to  furnish  a  more 
powerful  combination,  but  the  difference  is  not  consider- 
able. The  number  of  plates,  and  their  surface,  as  I  shall 
immediately  have  to  state,  must  be  regulated  by  the  pur- 
pose to  which  the  trough  is  to  be  applied.  The  wires  for 
conducting  and  applying  the  galvanism  generated  in  the 
trough,  should  be  of  a  metal  not  much  liable  to  chemical 
change  ;  those  of  gold  or  platina  have  this  advantage. 

Different  liquids  are  employed  to  fill  the  cavities  of  the 
trough,  and  differ  much  in  their  power.  AVith  water,  the 
effect  is  very  inconsiderable;  with  a  solution  of  sea-salt 
(muriate  of  soda)  or  of  muriate  of  ammonia,  the  effect  is 
much  greater  ;  it  is  still  more  so,  though  it  ceases  sooner, 
with  diluted  muriatic  or  nitric  acid :  the  last,  on  the 
whole,  is  preferable  to  any  other ;  one  part  of  nitrous 
acid,  of  the  usual  strength,  or  about  the  specific  gravity 
of  1.4  or  1.5,  being  diluted  with  30  parts  of  water.  By 
this  liquid,  too,  the  surfaces  of  the  plates  are  kept  always 
clean.  If  muriatic  acid,  which  is  less  expensive,  be  used, 
the  proportion  may  be  one  part  to  20  or  25  of  water,  and 
the  power  is  increased  by  having  dissolved  sea-salt  in  the 
water,  so  that  less  acid  requires  to  be  used. 

From  the  experiments  of  Van  Marum,  it  appears,  th>! 
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insulating  perfectly  the  voltaic  apparatus,  considerably 
adds  to  its  power  *. 

Though  the  arrangement  now  described, — that  of  two 
metals,  with  certain  chemical  fluids,  be  the  one  generally 
employed,  it  is  not  the  sole  one  from  which  galvanism 
may  be  generated  ;  and  as  illustrative  of  the  theory  of  its 
production,  several  important  facts  require  to  be  stated. 

The  combination  of  a  single  metal  with  a  fluid  evolves 
galvanism,  as  can  be  discovered  from  the  power  of  such 
a  combination  to  excite  contraction  in  the  muscles  of  a 
prepared  frog  ;  but  no  accumulating  series  of  this  kind 
can  be  formed.  A  metal  acted  on  by  two  different  fluids, 
affords  an  arrangement,  the  powers  of  which  is  augment- 
ed by  repetition,  though  in  difi^erent  degrees,  according  to 
the  nature  of  the  fluids.  If  a  series  be  formed  of  water, 
metal,  diluted  nitric  acid,  the  production  of  galvanism  is 
evident,  though  not  considerable.  One  somewhat  similar 
in  power,  is  formed  from  the  series,  water,  metal,  sul- 
phuret  of  potassa  ;  while  from  the  series,  dilute  nitric 
acid,  metal,  sulphuret  of  potassa,  the  production  is  much  ' 
greater  than  from  the  other,  as  Mr  Davy  has  ascertain- 
ed f.  He  observed,  too,  that  a  piece  of  charcoal,  in  con- 
tact at  one  of  its  surfaces  with  water,  at  another  with  ni- 
tric acid,  shews  signs  of  galvanism,  and  a  galvanic  ar- 
rangement may  even  be  formed,  without  the  intervention 
of  metal,  of  different  kinds  of  animal  matter. 

Volta  has  generalized  these  facts,  and  has  given  the 
following  clear  summary  of  productive  galvanic  arrange- 

*  Annales  de  Chimie,  torn.  xl.  p.  305, 
t  Philosophical  Transactions  for  1801. 
Vol.  I.  Mm 
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ments.    After  dividing  the  conductors  of  it,  or  of  elec. 
tricity,  (as  he  considers  them  the  same),  into  two  classes, 
perfect  and  imperfect ;  the  first,  comprising  the  metals, 
some  native  metallic  combinations,  plumbago  and  char- 
coal J  the  latter,  including  chiefly  water,  saline  solutions, 
and  the  animal  fluids*,  he  addsj  "  If  in  a  series  of  three 
conductors,  which  touch  two  and  two,  we  place  either  a 
conductor  of  the  second  class,  between  two  different  ones 
♦    of  the  first,  or,  one  of  the  first  class  between  two  different 
ones  of  the  second,  or,  finally,  if  we  form  a  circle  of  three 
different  conductors  of  the  second  class,  without  the  in- 
tervention of  any  of  thbse  of  the  first, — in  these  three 
cases,  a  current  of  electricity  will  be  established  passing  j 
to  the  one  extremity  or  to  the  other,  according  to  the  pre-  i 
dominating  force  of  the  substances  arranged,  which  will 
cease  only  on  breaking  the  circle,  and  will  be  re-establish- 
ed, when,  after  such  an  interruption,  it  is  restored.  Of 
the  first  arrangement,  we  have  an  example  in  two  metals 
with  a  humid  disc  ;  of  the  second  in  a  single  metal,  ^ith 
diluted  acid  on  the  one  side,  and  sulphuret  of  potassa  on 
the  Other ;  and  of  the  third,  Volta  gives  the  instance  of 
muscle,  nerve,  and  the  blood  of  an  animal  recently  dead*." 
In  these  arrangements,  it  is  not  indifferent  what  conduc-  • 
tors  of  the  same  class  are  used  ;  some,  as  has  already  been  i 
stated,  being  superior  to  others. 

The  properties  of  Galvanism  are  next  to  be  stated. 

It  passes  through  those  substances  which  are  conductors 
of  electricity,  and,  in  general,  with  the  same  diflerences 
of  ease  and  rapidity.    Hence  the  metals  are  the  best  con- 

*  Journal  de  TEcole  Polytechnique,  torn.  iv.  p.  286.      |  ' 
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ductors  of  galvanism  ;  the  power  of  charcoal,  in  this  re- 
spect, is  somewhat  equivocal,  as  it  is  also  with  regard  to 
electricity  ;  some  pieces  at  least  conducting  imperfectly, 
while  others  are  more  perfect  in  conducting  power.  Plum- 
bago is  also  a  conductor.  Different  liquids, — water,  sa- 
line solutions,  and  others,  all  conduct  it,  as  is  obvious 
from  their  forming  part  of  the  galvanic  circle  in  the  trough 
or  pile.  Glass  is  a  non-conductor  with  regard  to  it,  as 
are  also  dried  woods  ;  and  what  is  singular,  the  dry  ani- 
mal cuticle,  which  is  pervious  to  electricity.  Gases  not 
humid  appear  also  not  to  conduct  it. 

Though  the  effects  of  galvanism  on  the  living  system 
are  not  chemical,  yet,  as  connected  witli  its  general  agen- 
cy, it  may  be  briefly  stated,  that  a  sensation  somewhat  si- 
milar, though  by  no  means  precisely  the  same  with  that 
from  the  electrical  discharge,  being  less  concentrated  and 
pungent,  is  felt  when  the  two  extremities  of  the  galvanic 
battery,  or  conductors  connected  with  them,  are  touched. 
It  is  experienced  only  at  the  moment  of  contact.  If  tlie 
battery  is  weak,  it  extends  only  up  the  fingers  j  if  strong- 
er, it  is  felt  at  the  wrist,  or  even  to  the  shoulder.  Contrac- 
tions of  the  muscles  are  at  the  same  time  excited. 

In  its  transition  from  one  conductor  to  another,  especial- 
ly where  the  conductor  is  an  imperfect  one,  galvanism  pro- 
duces intense  light.  If  the  wire  issuing  from  one  extremity 
of  the  trough  be  made  to  touch  the  wire  that  comes  from 
the  other,  at  the  moment  of  contact,  and  every  time  it  is 
renewed,  a  spark  more  or  less  vivid,  according  to^the  power 
of  the  trough,  is  excited.  If  the  wire  be  made  to  touch 
a  piece  of  plumbago,  or  well-burnt  charcoal,  which  is 
connected  with  the  opposite  wire,  the  spark  is  more  vi- 
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vid  ;  amt  if  each  of  the  wires  be  terminated  with  small 
pointed  pieces  of  well-prepared  charcoal,  on  bringing 
them  into  contact,  the  light  excited  is  the  most  intense 
and  pure  which  we  can  produce  by  any  artificial  arrange- 
ment ;  if  the  trough  is  a  large  one,  innumerable  rays  dart 
from  the  point  of  contact,  and  continue  to  do  so  while 
the  contact  is  preserved.  This  galvanic  light  seems  prin- 
cipaMy  to  arise  from  the  accumulation  of  the  galvanism, 
and  very  little  of  it  from  combustion';  for  it  is  attended 
with  scarcely  any  waste  of  the  metal  or  charcoal,  and  it  caa 
also  be  easily  excited,  though  not  with  equal  splendour, 
tinder  water,  oil,  alkohol,  and  other  fluids,  and  in  gases 
not  capable  of  supporting  combustion. 

Galvanism  may  also  be  applied,  however,  so  as  to  ex- 
cite very  intense  combustion,  and  to  cause  even  bodies 
to  burn  which  do  not  suffer  that  change  in  any  other  way. 
This  happens  when  it  is  applied  by  one  metal  to  others 
drawn  into  fine  wire,  or  beat  into  fine  leaves.  If  leaves 
of  gold,  silver,  copper,  tin,  and  other  metals,  be  suspend- 
ed from  a  wire  connected  with  one  extremity  of  the 
trough,  onr  applying  to  the  edges  of  them  a  metallic  plate, 
connected  by  a  wire  with  the  other  extremity,  the  metals 
immediately  enter  into  a  vivid  deflagration,  with  the  emis- 
sion of  different  coloured  lights,  and  they  are  found  to 
have  suffered  that  chemical  change,  which  is  perfectly  a- 
nalbgotts  to  combustion.  A  fine  iron-wire  connected  with 
the  one  end  of  the  trough,  when  run  along  a  plate  attach- 
ed to  the  wire  connected  with  the  other,  burns,  with  the 
emission  of  numerous  small  i^ivid  sparks.  The  inflamma- 
ble gases  are  made  to  burn  by  the  galvanic  spark  when 
sufficiently  strong,  if  they  are  in  contact  with  the  air  ;  or, 
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'  if  mixed  with  oxygen,  riiey  explode  on  Its  introduction. 
The  heat  which  galvanism  excites,  independent  of  the 
combustion  of  the  substance  it  is  applied  to,  is  shewn  by 
placing  a  wire  in  water,  forming  part  of  the  circuit,  when 
the  water  is  soon  made  to  boil,  as  is  also  expressed  oil. 
The  metals  also,  iron  or  platina  wire  for  example,  can  be 
Ignited,  and  ev«n  fused,  independent  of  their  combustion, 
by  the  rapid  transmission  of  the  galvanic  fluid.  Their  ig^-' 
nitlon,  too,  is  produced,  when  they  arc  placed  In  gases  not 
capable  of  supporting  combustion  *. 

By  far  the  most  important  agency  of  galvanism  Is  that 
by  which  it  gives  rise  to  ehemical  decomposition.  Of  all 
the  forces  which  counteract  attraction,  and  of  course 
subvert  combination,  it  is  the  most  energetic  ;  and  as  by 
enlarging  the  apparatus  producing  it,  it  may  be  accu- 
mulated to  any  degree  of  intensity,  there  is  apparently 
no  limitation  to  its  power.  Chemistry  has  thus  been  put 
in  possession  of  an  agent  more  powerful  than  any  It  be- 
fore possessed  ;  and  the  most  important  discoveries  have 
teen  already  effected  by  its  application.  Mr  Davy,  led 
by  the  knowledge  of  the  law  by  which  the  agency  of  this 
power  in  producing  decomposition  is  regulated,  submit- 
ted to  its  action  a  number  of  substances,  the  composition 
of  which,  though  it  had  been  sometimes  the  subject  of 
conjecture,  was  altogether  unknown.  The  application 
was  successful.  The  chemical  constitution  of  the  alkalis, 
the  earths,  and  certain  acids,  has  been  established  ;  and 
not  only  this,  but  a  series  of  substances  discovered,  ber 
fore  unknown,  and  possessed  of  very  peculiar  properties  j 
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new  views  have  been  unfolded  with  regard  to  the  nature 
of  others  formerly  regarded  as  simple,  and  relations  de- ! 
veloped  which  must  have  an  extensive  influence  on  the  I 
theory  of  the  science.   Nor  is  it  possible  to  foresee  what 
farther  discoveries  may  be  effected  by  the  application  of 
this  new  instrument  of  analysis,  aided,  as  it  may  be,  by, 
the  powerful  affinities  of  the  substances  which  it  has  en-'| 
abled  us  to  produce. 

The  decomposition  of  compounds  by  the  action  of  gal- 
vanism is  obtained  by  placing  them  in  connection  with 
metallic  wires,  proceeding  from  the  two  extremities  of 
the  galvanic  battery.  The  elements  of  the  compound  are 
separated,  and  can  be  obtained  in  their  insulated  form. 
If  the  wires,  for  example,  are  placed  in  water  ;  the  ele- 
onents  of  the  water  are  immediately  disjoined,  and,  as 
they  are  gaseous  bodies,  assume  the  elastic  form,  and 
are  disengaged.  Other  compound  liquids  are  decompos- 
ed with  equal  facility,  as  are  many  solids,  especially  wiiea 
the  conducting  power  of  these  to  galvanism  is  favoured 
by  a  little  humidity.  To  decompose  different  compounds, 
very  different  degrees  of  galvanic  intensity  are  required. 

These  decompositions  presented  considerable  difficulties 
with  regard  to  their  theory,  particularly  from  the  singular 
phenomenon  which  had  been  observed,  that  the  elements 
of  the  compound  decomposed  are  not  evolved  together, 
but  that  one  is  evolved  at  the  wire  connected  with  the 
one  extremity  of  the  galvanic  battery,  and  the  other  at 
the  wire  connected  with  the  opposite  side ;  and  this  even 
when  the  wires  are  placed  in  separate  portions  of  the 
compound,  provided  these  are  connected  by  a  conductor 
of  "alvanism.    To  account  for  this,  as  applied  to  parti- 
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cular  cases,  difFerent  hypotheses  were  suggested,  and  some 
facts  in  relation  to  it  were  observed.  It  was  suggested 
at  an  early  period  by  Mr  Cruickshank,  that  the  galvanic 
influence  might  convey  the  principles  of  the  decomposed 
compound  to  a  distance,  so  as  that  they  should  appear  at 
different  parts.  A  number  of  experiments  were  related 
by  M.  Hisinger  and  Berzelius,  whence  they  drew  the  con- 
clusions, that  when  electricity  passes  through  a  liquid, 
the  principles  of  that  liquid  separate  themselves  in  such 
a  manner,  that  some  unite  around  the  positive  pole,  the 
others  around  the  negative  ;  inflammable  bodies,  alkalis, 
and  earths,  passing  to  the  negative  ;  oxygen,  acid  and 
Oxidated  bodies  passing  to  the  positive  side  *.  On  the 
sanje  principle,  that  the  one  pole  of  a  galvanic  peries  at- 
tracts certain  elements,  while  the  other  pole  attracts  the 
others,  an  explanation  was  given  of  the  decomposition  of 
water,  and  of  metallic  solutions  by  galvanism,  oxygen 
being  attracted  to  the  positive,  hydrogen  and  metals  to 
the  negative  side  f .  By  Mr  Davy's  researches,  this  law 
bas  been  more  clearly  developed,  more  fully  established, 
and  its  agency  better  traced  f . 

The  law,  as  it  may  be  briefly  expressed,  is,  that  difFer- 
ent chemical  agents  have  such  a  relation  to  galvanism, 
that  some  are  attracted  forcibly  to  the  positive,  others  to 
the  negative  side  of  the  galvanic  arrangement ;  the  ele- 
ment named  oxygen,  and  those  compounds  in  which  it 
predominates,  particularly  the  acids,  being  attracted  to  the 
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former ;  while  inflammable  substances,  metals,  and  the 
compounds  in  which  these  appear  to  have  a  predomi- 
nating force,  as  the  alkalis,  earths,  and  metallic  oxides, 
ire  attracted  to  the  latter  :  Or,' as  the  law  is  stated  by 
Mr  Davy,  galvanism  and  electricity  being  considered  as 
identical — certain  substances,  oxygen  and  acids,  are  at- 
tracted by  positively  electrified  metallic  surfaces,  and  re- 
pelled by  similar  surfaces  negatively  electrified ;  while 
inflammable  bodies,  metals,  metallic  oxides,  alkalis  and 
earths,  are  attracted  by  negatively  electrified  metallic  sur- 
faces, and  repelled  by  those  which  are  in  a  positive  state. 
In  consequence  of  this  law,  if  the  compound  of  oxygen 
and  an  inflammable  body  be  subjected  to  the  action  of 
galvanism,  the  oxygen  is  attracted  by  the  wire  in  the 
positive  state,  while  it  is  repelled  by  that  which  is  nega- 
tive i  and,  on  the  other  hand,  the  inflammable  ingredient 
is  attracted  by  the  negative  wire,  and  repelled  by  the 
other.  Hence  their  separation,  and  their  evolution  in  an 
insulated  state.  -If  a  compound  of  an  acid,  with  an  al- 
Jiali,  or  an  earth,  be  submitted  to  the  same  action,  the 
acid  is  attracted  to  the  positive,  the  alkali  or  earth  to  the 
negative  side,  and  the  compound  is  therefore  decom- 
posed. And  not  only  are  these  actions  exerted  when  the 
two  wires  are  placed  nearly  in  contact,  but  even  at  a  con- 
siderable distance,  and  with  the  interposition  of  another 
body  between  the  portions  of  the  substance  submitted  to 
the  galvanic  force  so  that  by  the  influence  of  this  power, 
ponderable  substances  are  attracted  and  repelled  at  dis- 
tant points,  and  cbnveycd  through  the  medium  of  other 
matter. 

The  experiments  by  which  this  result,  and  the  law 
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deduced  from  it,  have  been  established,  are  simple  and 
decisire.  The  apparatus  Mr  Davy  employed  consisted  of 
two  vessels,  sometimes  of  glass,  but  more  generally,  as 
kss  liable  to  be  acted  on,  of  agate,  or  of  gold,  connected 
by  a  few  fibres  of  the  mineral  substance  named  asbestos 
moistened  with  water  (Fig.  62.  PL  VIII.)  The  solution 
of  a  compound  substance,  of  a  salt  for  example,  com- 
posed of  an  acid  and  an  alkali,  was  put  into  each  vessel, 
and  they  were  subjected  to  the  action  of  the  galvanic  ap- 
paratus, a  wire  from  the  positive  side  being  inserted  in 
tlie  one  A,  and  a  wire  from  the  negative  side  in  the  other 
B.  In  a  short  time,  when  a  powerful  galvanic  battery  is 
employed,  the  principles  of  the  salt  are  separated  ;  and 
at  length  all  the  acid  is  collected  in  the  one  vessel,  all  the 
alkali  in  the  other.  Thus,  when  the  salt  named  sulphate- 
of  potassa,  composed  of  potassa  and  sulphuric  acid,  is 
put,  dissolved  in  water,  in  the  vessels,  and  submitted  to 
the  action  of  50  pairs  of  plates  of  6  inches  square,  in  4 
hours  the  liquid  in  the  vessel  B  is  found  to  be  a  solutioa 
of  potassa  ;  that  in  A  a  solution  of  sulphuric  acid.  The 
alkali  therefore  has  been  conveyed  from  A  to  B  through 
the  asbestos,  or  rather  perhaps  the  water  moistening  the 
asbestos  by  the  galvanic  influence,  and  the  acid  by  the 
same  influence  has  been  conveyed  in  the  opposite  direc- 
tion from  B  to  A.  Similar  results  were  obtained  with 
the  solutions  of  a  number  of  salts,  as  sulphate  of  soda, 
nitrate  of  potassa,  phosphate  of  soda,  and  others. 

If  the  solution  of  a  salt  were  placed  in  one  vessel,  and 
distilled  water  in  the  other,  either  the  acid,  or  the  base  of 
the  salt,  might  be  transferred  through  the  communicating 
substance  to  the  distilled  water,  according  as  the  solution 
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was  connected  with  the  positive  or  the  negative  side  of 
the  galvanic  trough.  If  it  were  connected  with  the  posi- 
tive side,  the  acid  remained,  and  the  base  was  conveyed 
to  the  water  ;  if  with  the  negative  side,  the  reverse  was 
the  result.  In  this  way,  even  metals  could  be  transferred, 
as  silver,  from  nitrate  of  silver,  or  insoluble  earths,  as 
magnegia,  from  sulphate  of  magnesia. 

When  the  vessels  themselves  were  composed  of  sub- 
stances susceptible  of  decomposition,  the  same  separation 
of  elements  was  effected,  though,  from  the  state  of  cohe- 
sion, more  slowly.  Thus,  in  using  cups  of  sulphate  of 
lime,  and  employing  a  battery  of  100  pairs  of  plates  of  6 
inches,  pure  water  having  been  placed  in  each,  in  5 
minutes  the  water  in  the  cup  connected  with  the  positive 
side  had  become  acid,  the  other  the  reverse  ;  and  on  be- 
ing examined  at  the  end  of  an  hour,  the  one  was  found 
to  be  a  solution  of  sulphuric  acid,  the  other  a  solution  of 
lime.  Similar  results  were  obtained  in  operating  with 
cups  of  sulphate  of  barytes,  sulphate  of  strontites,  and 
fluate  of  lime.  Even  glass  was  found  liable  to  this  decom- 
position. And  such  is  the  force  of  this  agent,  that  the 
most  minute  portion  of  a  substance  attracted  by  either  of 
the  wires  is  collected  around  it,— a  circumstance  which 
has  frequently  been  the  source  of  deception  in  galvanic 
experiments,  with  regard  to  the  apparent  formation  of  new 
products. 

So  completely  is  the  matter  thus  conveyed  by  the  gal- 
vanic influence  protected  by  it,  that  it  may  be  transmitted 
through  a  substance  to  which  it  has  a  chemical  affinity, 
without  being  retained.  This  is  very  well  shewn  by  a 
variation  of  the  experiment :  instead  of  two,  three  ves- 
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sels  are  connected  with  each  other :  in  the  first,  a  solution 
of  a  salt,  such  as  sulphate  of  potassa,  is  placed,  a  wire 
from  the  negative  side  being  placed  in  the  solution  ;  in  the 
middle  vessel  a  solution  of  ammonia,  a  substance  having 
a  strong  attraction  to  sulphuric  acid,  is  placed  ;  and  in  the 
third  water,  a  wire  from  the  positive  side  of  the  galvanic 
battery  being  immersed  in  the  water.  In  5  minutes, 
when  a  battery  of  150  pairs  of  plates  was  used,  acid  wa$. 
found  collecting  around  the  wire  in  the  water  j  it  ha4 
therefore  passed  through  the  ammonia  without  the  affini- 
ty of  this  being  sufficient  to  arrest  it.  When  the  dispo- 
sition was  reversed,  and  the  saline  solution  connected 
with  the  positive  side,  the  water  with  the  negative,  and 
an  acid  placed  in  the  middle,  the  alkaline  base  was  con- 
veyed through  the  interposed  acid,  and  collected  in  the 
pure  water.  The  same  results  were  obtained  in  operating 
on  a  number  of  other  salts.  Where  a  strong  force  of 
cohesion,  however,  interfered,  the  substance  was  inter- 
cepted ;  thus,  sulphuric  acid  was  not  transmitted  through' 
solutions  of  barytes  or  strontites ;  nor  these  earths  through 
sulphuric  acid. 

The  chemical  affinities  of  the  conveyed  substance  too 
are  suspended  by  the  galvanic  influence  ;  an  acid,  for  ex- 
ample, not  reddening  a  vegetable  colour  in  its  progress, 
but  only  where  it  is  collected  around  the  positive  wire  } 
and  an  alkali,  in  like  manner,  exerting  its  chemical  action 
only  at  the  negative  side. 

These  decompositions  appear  to  be  always  complete, 
or  the  law  of  chemical  affinity  so  often  observed,  that  an 
ingredient  of  a  compound,  when  separated  from  a  com- 
bination, retains  a  portion  of  the  ingredient  with  which 
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it  had  been  combined,  is  counteracted  ;  the  transferred 
substance,  Mr  Davy  found,  being  perfectly  pure. 

By  these  experiments,  then,  the  very  important  fact  is 
established,  that  substances  can  be  conveyed  to  adistanccj 
2nd  through  interposed  panderable  matter,  by  the  galva- 
nic influence  ;  the  facility  vi^ith  which  this  happens  being, 
greater  as  the  distance  is  less,  and  a  greater  galvanic 
power  being  therefore  required  as  the  distance  is  enlarg- 
ied.  The  whole  is  probably  to  be  ascribed  to  powerful  at- 
tractions and  repulsions  established  by  that  influence,  and 
extending  to  that  distance.  The  power  of  the  galvanic 
apparatus  itself  appears  to  depend,  as  is  immediately  to 
be  stated,  on  the  metals  composing  it,  being  from  their 
contact,  in  different  electrical  states,  the  one  positive,  the 
other  negative.  Other  bodies,  such  as  inflammables,  earths, 
and  salts,  it  has  been  proved  by  Volta  and  Davy,  can  be 
brought  also  by  contact  into  these  opposite  states ;  an 
earth,  lime  for  example,  becoming  positive  by  repeated  _ 
contact  with  a  concrete  and  dry  acid  :  it  is  probable,  there- 
fore, that  when  compounds  of  these  are  submitted  to  the 
galvanic  action,  the  different  electrical  states,  and  the  cor- 
responding attractive  and  repellent  forces,  are  communi- 
cated and  exerted  from  the  metallic  surfaces,  through  the 
solution  of  the  compound,  to  the  particles  of  its  ingre- 
dients, and  these  are  of  course  subjected  to  the  usual  laws 
of  electrical -attraction  and  repulsion.  If,  in  the  example 
of  a  compound  salt,  submitted  to  the  action  of  a  galvanic 
battery,  the  particles  of  the  base  become  positive,  while 
those  of  the  acid  become  negative,  the  former  will  be  re- 
pelled by  the  positively  electrified  metallic  surface,  and 
attracted  by  the  negatively  electrified  metallic  surface  ^ 
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the  latter  will  observe  the  opposite  order  and  hence  their 
I*  separation  and  the  appearance  of  the  one  at  the  negative, 

I and  of  the  other  at  the  positive  wire.  A  series  or  chain 
of  particles  of  the  conveyed  body  is  no  doubt  formed 
through  the  whole  distance,  arranged  through  the  inter- 
posed substance  ;  and  accordingly  Mr  Davy  found,  that 
in  causing  the  transmission  of  an  acid  from  a  saline  com- 
pound through  a  liquid,  a  portion  of  the  acid  could  al- 
I  ways  be  detected  in  it,  while  any  continued  to  be  trans- 
mitted, though  at  length,  if  sufficient  time  were  allowed, 
I  the  whole  of  the  acid  was  attracted  to  the  positive  side. 
Though  the  general  result  now  staled  is  no  doubt  a 
very  singular  one,  there  is  no  less  difficulty  in  conceiving 
of  this  transfer  of  matter,  where  the  continuity  of  the 
decomposed  body  between  the  two  wires,  or  of  a  sub- 
I  stance  capable  of  holding  this  body  dissolved  is  preserved; 
as  in  this  case  a  chain  of  particles,  arranged  in  a  certain 
order,  may,  by  powerful  attractive  or  repellent  forces  at 
the  extremity  of  the  chain,  be  established.  A  series  of  par- 
ticles of  an  acid,  or  of  an  alkali,  may  thus  be  conceived 
to  be  arranged  through  a  portion  of  water,  or,  what  is  the 
same  thing,  through  a  moistened  solid  body,  by  the  exer- 
tion of  such  forces  ;  and  in  the  facts  which  have  been  re- 
lated, the  elements  transmitted,  it  will  be  observed,  are 
•conveyed  through  liquids,  or  moistened  substances,  which 
might  admit  of  such  an  arrangement.  But  the  difficulty 
is  much  greater  to  conceive  of  the  transfer  of  a  substance' 
through  a  body  altogether  different,  and  to  which  it  has 
perhaps  no  evident  affinity;  as,  for  example,  through 
a  metallic  wire.  Yet  it  appears  likewise,  that  even  this 
can  be  accomplished.    Thus  Rittcr,  at  an  early  period  of 
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the  investigation,  stated,  that  when  two  separate  tubc-L 
were  connected  by  a  gold  wire,  and  water  placed  in  each, 
on  putting  ^nto  each  portion  of  water  a  wire,  connected 
the  one  with  the  positive,  the  other  with  the  negative  eide 
of  the  galvanic  battery,  oxygen  was  evolved  from  the 
former,  hydrogen  from  the  latter  *.  Here,  therefore,  the 
oxygen  from  the  negative  side,  and  the  hydrogen  from  the 
positive  side,  must  each  of  them  have  been  conveyed 
through  the  wire  which  connected  the  two  tubes.  I  have 
found,  too,  that,  if  a  portion  of  quicksilver  be  interposed 
between  two  portions  of  water,  (which  can  be  easily  done 
by  fining  the  bent  part  of  a  syphon  with  the  quicksilver, 
and  putting  water  into  each  leg,)  on  placing  wires  connect- 
ed with  a  galvanic  trough  in  the  separate  portions  of  wa- 
ter, gas  arises  from  each  wire  ;  or  if  two  tubes  filled  with 
water  arc  suspended  in  different  vessels  of  water,  the  ves- 
sels being  connected  by  a  metallic  wire,  as  represented  Fig. 
63.  on  placing  the  positive  wire  in  the  one,  the  negative  in 
the  other,  gas  escapes  from  each:  and  this  cannot  be  sup- 
posed to  happen  but  from  the  decomposition  of  water,  ac- 
cording to  the  usual  law.  I  have  even  found,  that  in 
placing  a  solution  of  potassa,  coloured  with  infusion  of 
blue  cabbage,  in  each  leg  of  the  syphon,  quicksilver  being 
in  the  under  part,  the  liquid  in  the  leg  in  which  the  wire 
from  the  positive  side  is  placed  soon  becomes  red,  while 
that  in  the  other  becomes  green, — a  proof  that  the  transfer 
of  the  acid  ^nd  the  alkali  from  the  opposite  sides  had  taken 
place  through  the  interposed  quicksilver.  No  result  can 
be  more  surprising  than  this  transfer  of  matter  through 
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another  dense  ponderable  substance,  incapable  of  form- 
ing any  union  with  the  conveyed  matter. 

Mr  Davy  has  hazarded  the  conjecture,  that  chemical 
affinity  may  even  be  a  modification  of  electrical  energy, 
.Or  that  the  efFects  which  have  been  ascribed  to  that 
power  may  be  owing  to  the  exertion  of  electric  at- 
traction and  repulsion  between  the  particles  of  bodies. 
Thus,  if  of  two  bodies,  the  particles  of  one  be  naturally 
in  the  one  state  of  electricity,  as  the  positive,  and  the 
other  be  in  the  opposite  state,  or  negative ;  if  these  are 
presented  to  each  other,  and  if  the  electrical  states  are 
sufficiently  intense  to  overcome  the  power  of  aggrega- 
tion, these  particles  will,  according  to  the  usual  law  of 
electricity,  attract  each  other,  and  will  enter  into  combi- 
nation. And  again,  if  a  different  electrical  state  be  com- 
municated to  one  of  the  bodies  from  that  which  it  natu- 
rally possesses,  in  other  words,  if  it  is  brought  into  a  state 
similar  to  that  in  which  the  other  exists,  the  attraction 
between  them  will  cease,  and  their  union  be  subverted. 
Different  bodies  may  have  these  electrical  energies  in  dif- 
ferent degrees,  and  may  therefore  unite  with  different  de- 
grees of  force  ;  if  three  are  presented  to  each  other,  the 
substance  having  the  weakest  energy  may  be  repelled  j 
or  there  maybe  such  a  balance  of  attractive  and  repellent 
powers  as  to  establish  a  ternary  combination.  The  same 
hypothesis  might  accord  with  the  law  of  chemical  affinity 
established  by  Berthollet,  that  its  force  is  augmented  by 
the  relative  quantity  of  matter  exerting  it  for  the  com- 
bined effect  of  many  particles  possessing  a  feeble  electri- 
cal energy  may  be  equal  or  superior  to  the  effect  of  a  few 
particles  possessing  a  strong  electrical  energy.    The  ef- 
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feet  of  heat  in  promoting  combination  or  decomposition 
is  equally  capable  of  being  accounted  for  ;  since  it  both 
gives  more  freedom  of  motion  to  the  particles  of  bodies, 
and  in  many  cases  exalts  tlieir  electrical  energies  ;  and, 
lastly,  the  elevation  of  temperature  and  production  of 
light,  so  frequently  attending  chemical  action,  may  de- 
pend on  the  changes  attending  the  electrical  states,  since 
such  changes  are  accompanied  with  the  evolution  of  heat 
and  light,  more  or  less  intense.  With  all  these  analo- 
gies in  favour  of  this  hypothesis,  Mr  Davy  however  just- 
ly remarks,  that  in  the  present  state  of  the  inquiry,  a 
great  extension  of  it  would  be  premature. 

I  have  next  to  state  the  law  with  regard  to  the  produc- 
tion of  the  different  effects  from  galvanism,  by  which 
their  intensity  is  regulated. 

It  is  sufBciently  obvious,  that  by  increasing  the  number 
of  pieces  which  compose  the  galvanic  arrangement,  its 
powers  are  increased,  since  this  is  indeed  the  very  princi- 
ple on  which  its  agency  depends.  If  a  pile  or  trough 
composed  of  20  pair  of  plates,  act  with  a  certain  degree 
of  force,  one  of  30  or  40  will  act  with  still  more  j  and  to 
obtain  a  great  galvanic  power,  arrangements  of  200  or 
300  plates  have  been  constructed. 

Since  galvanism  is  generated  by  the  contact  of  metals 
with  each  other,  or  with  the  fluid  applied,  it  may  also  be 
expected,  that  an  enlargement  of  the  surface  will  increase 
the  effect ;  and  this  is  accordingly  found  to  be  the  case  to 
a  certain  extent. 

A  singular  fact,  however,  was  discovered  by  Thenard, 
Fourcroy,  and  Vauquclin,  that  an  increase  in  the  number 
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of  plates,  without  a  proportional  increase  in  their  surface, 
does  not  augment  equally  all  the  effects  obtained  from 
galvanism  ;  but  that  a  different  law  is  followed  in  the  in- 
crease of  the  power  of  igniting  the  metals,  and  in  that  of 
giving  the  shock  to  animals,  or  decomposing  chemical 
compounds.  They  found  that  the  power  of  igniting  the 
metals,  depended  principally  on  surface  ;  so  that  a  few 
large  plates,  as  twelve  of  12  or  20  inches  diameter,  caused 
them  to  burn  with  the  greatest  brilliancy  ;  while  the  same 
plates,  divided  into  48,  produced  a  very  inconsiderable  ef- 
fect. On  the  other  hand,  the  power  of  giving  the  shock, 
and  of  producing  chemical  decompositions,  is  rather  de- 
pendent on  number ;  the  twelve  large  plates  will  give  a 
very  feeble  sensation,  or  decompose  water  slowly  j  while^ 
if  cut  down,  so  as  to  form  an  arrangement  consisting  of 
40  or  50  small  plates,  their  powers  with  regard  to  these* 
effects  will  be  greatly  enlarged  *. 

Some  explanation  may  be  given  of  this  striking  diffe- 
rence :  Fluids  are  much  less  perfect  conductors  of  galva- 
nism than  the  metals;  hence  from  the  extent  of  the  series 
of  imperfect  conducting  matter  which  it  has  to  pass 
through  in  an  arrangement  composed  of  a  great  number 
of  plates,  its  velocity  is  retarded  it  is,  as  it  were,  accu- 
mulated, becomes  more  concentrated,  or  has  its  intensity 
increased.  And  as  the  shock  is  dependent  principally  on 
this  intensity,  as  is  proved  by  the  shock  from^the  Leyden 
phial,  a  certain  degree  of  it  being  requisite  to  overcome 
the  resistance  of  the  animal  fibre,  a  violent  one  is  given 
from  a  battery  constructed  with  this  repetition,  in  other 
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words,  with  plates,  the  number  of  which  is  great,  com- 
pared with  the  surface.  For  the  same  reason,  a  certain 
intensity  of  the  galvanic  matter  will  be  requisite  to  over- 
come the  resistance  of  the  fluids  subjected  to  its  action, 
all  of  which  are  likewise  comparatively  imperfect  conduc- 
tors, and  hence  the  same  accumulation  of  it,  from  resis- 
tance in  the  galvanic  series,  will  favour  its  action  on  these 
fluids.  But  in  the  application  of  galvanism  to  metals,  as 
these  admit  it  with  comparatively  little  resistance,  it  is  not 
requisite  that  it  should  be  at  the  same  pitch  of  intensity 
the  effect  will  rather  be  dependent  on  the  quantity  appli- 
ed ;  and  hence  the  large  plates  generating  and  affording 
it  with  more  rapidity,  the  effect  it  produces  on  the  metals, 
that  of  igniting  and  causing  them  to  burn,  will  be  increas- 
ed. It  was  found  by  Van  Marum,  what  is  conformable 
to  this  view,  that  the  intensity  of  the  galvanic  fluid  from 
a  given  number  of  plates  was  the  same,  whatever  might 
be  their  size,  though  the  quantity  must  no  doubt  be  dif- 
ferent. 

It  follows  from  this  view,  that  with  regard  to  the  pro- 
duction of  all  these  efTects,  a  certain  relation  will  subsist 
between  number  and  surface  in  increasing  the  power 
and  it  is  even  probable  that  this  will  be  different  with  re- 
gard to  all  the  three  effects,  or  that  with  regard  to  them, 
there  will  be  a  certain  proportion  most  favourable  to  each. 
Two  of  them,  however,  that  of  giving  the  shock,  and  that 
of  producing  chemical  decompositions,  have  been  con- 
founded, or  supposed  to  follow  the  same  law,  and  the 
whole  has  been  considered  under  rather  too  general  a 
point  of  view,  probably  from  the  difficulty  attending  the 
minute  investigation  of  the  subject.    It  has  been  stated 
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in  general  terms,  that  the  power  of  igniting  the  metals  is 
simply  in  the  ratio  of  surface  affording  galvanism,  while 
the  other  effects  are  in  proportion  to  the  number  of  plates, 
at  least  when  the  size  of  each  plate  is  not  less  than  li 
inch  square. 

This  subject,  however,  has  been  investigated  with  more 
care,  and  the  law,  with  regard  to  number  and  surface, 
more  accurately  determined  by  Ritter.  His  researches 
on  this  point,  which  appear  to  be  highly  important,  have 
not,  I  believe,  appeared  in  any  of  the  English  Journals, 
and  I  have  not  met  with  them  in  any  of  the  French  Jour- 
jials  to  which  I  have  access.  For  the  following  abstract 
from  a  German  Journal  *,  I  am  indebted  to  my  friend 
Professor  Jameson  : 

«  A.  Ritter  constructed  a  pile  with  1000  plates  of 
copper,  zinc,  and  pasteboard  moistened  with  a  solution 
of  common  salt  in  a  decoction  of  litmus  and  galls,  (as  this 
conducts  better  than  a  simple  solution  of  common  salt). 
He  divided  these  into  ten  piles,  each  consisting  of  100 
plates,  and  connected  them  together,  in  the  common  way, 
into  a  single  large  pile.  He  hung  on  the  upper  plate 
(which  was  zinc)  of  each  of  these  piles  a  leaf  of  gold, 
and  began  first  by  including  100,  then  200,  and  300 
plates  in  the  conducting  circle.  The  maximum  of  com- 
bustion he  determined  by  the  magnitude  of  the  perfora- 
tion which  the  blunt  extremity  of  the  iron-wire,  used  in 
connecting  the  extremities  of  the  pile,  burns  in  gold-leaf 
attached  to  the  side ;  or  If  the  action  were  strong, 
by  the  size  of  the  perforation  burnt  in  a  leaf  of  brass  foil. 
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This  maximum,  with  the  above  arrangement,  he  found 
to  be  between  the  200  and  300  phites ;  beyond  these  the 
spark,  to  external  appearance,  for  some  time  seemed  great  - 
er, but  it  continued  to  lose  its  energy  on  the  gold  leaf, 
until  at  length  ail  the  1000  plates  taken  together,  scarce 
yielded  a  trace  of  true  combustion,  and  the  effect  of  the 
spark  on  the  gold  leaf  appeared  to  be  only  mechanical. 

"  The  cihemcal  effect^  which  was  determined  by  the 
quantity  of  gas  evolved  from  the  decomposition  of  water 
in  a  ghiss  tube,  increased  from  100  plates,  pile  for  pile, 
yet  always  slower,  and  usually  at  600  plates  it  reached 
its  maximum  ;  700,  SOO  plates,  and  so  forth,  operated 
more  weakly,  and  all  the  1000  plates  considerably  weaker 
than  the  40.0. 

"  With  respect  to  the  shoch^  its  energy  increases  1 00 
for  100  to  1000,  and  then  it  required  a  strong  resolution 
to  overcome  the  feeling,  so  that  its  maximum,  with  the 
above  arrangerrient,  seems  to  be  beyond  1000.  From 
piles  of  the  same  kind,  of  1500  plates,  the  shock  was  in- 
supportable ;  but  still  no  maximum  could  be  observed. 

"  B,  He  erected  a  pile  of  the  same  magnitude,  with  a 
simple  solution  of  sea-salt.  He  found  the  maximum  of 
etiergjj  of  ilte  spark  at  the  200th  plate  ;  at  300  its  action 
began  to  diminish,  and  at  length  the  gold  leaf  was  only 
mechanically  affected,  and  more  so  than  in  case  A.  The 
maximum  of  the  chemical  effect  was  at  500  :  1000  was  not 
more  powerful  than  300.  No  maximum  of  the  shock 
was  observable. 

«<  C  He  constructed  a  pile  of  2000  plates  of  copper, 
zinc,  and  cold  concentrated  solution  of  sal-ammoniac, 

'*  Here  the  spark  bad  its  greatest  energy  or  maximum- 
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bc-tvs'een  600  and  800  plates,  and  then. from  this  began 
again  to  diminish. 

"  The  maximum  of  chemical  action  was  not  to  be  ob- 
eerved  within  2000  plates.  It  was  supposed  to  be  at 
4«000  or  6000  plates. 

"  No  maximum  of  the  shock  was  observed.  It  is  abso- 
lutely impossible,  even  when  the  hands  are  dry,  to  bear 
the  shock  of  2000  plates.  A  chain  of  50  persons  only 
connected  slightly,  and  with  dry  hands,  was  most  dread- 
fully agitated.  From  analogy,  the  maximum  will  be  at 
1S,000  or  20,000. 

'<  D.  He  constructed  a  pile  of  1000  plates,  and  mois- 
tened the  pasteboard  only  with  Well-water. 

"  A  maximum  of  the  spark  was  not  accurately  disco- 
verable. He  places  it  at  100  j  the  maximum  of  chemical 
effect  was  above  100  plates  ;  the  maximum  of  the  shock 
between  600  and  700;  at  900  and  1000  the  sensatioa 
was  weaker.  If  the  hands  are  wetted  with  a  solution  of 
common  salt,  the  maximum  of  sensation  is  between  500 
and  600 ;  if  wet  with  solution  of  sal-ammoniac,  between 
300  and  4.00." 

The  general  conclusion,  it  is  obvious,  which  follows 
from  these  experiments  is,  that  a  certain  law  is  observed 
with  regard  to  the  relation  of  surface  and  number  in  a 
galvanic  arrangement  in  producing  the  galvanic  pheno- 
mena. The  power  of  acting  on  living  matter  is  most  de- 
pendent on  number,  so  that  increasing  the  number  adds 
to  this  effect  i  that  of  producing  combustion  is  dependent 
principally  on  surface,  so  that  increasing  the  number 
w'lthout  increasing  the  surface  is  soon  attended  with  a  di- 
JTiinution  of  energy.    The  power  of  producing  chemical 
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decompositions  is  in  its  relation  to  number  and  surface 
intermediate  between  these.   But  in  all  of  them  a  certain 
relation  exists,  or  a  certain  proportion  between  number 
and  surface  gives  the  maximum,  and  increasing  either  in- 
definitely, is  accompanied  by  a  diminution  of  power.  If 
both,  however,  be  increased,  preserving  always  the  proper 
proportions,  the  power  may  probably  be  indefinitely  in- 
creased.   This  law,  I  may  observe,  agrees  with  the  pre- 
ceding view,  that  a  certain  degree  of  intensity  in  the  gal- 
vanic fluid  is  requisite  to  enable  it  to  penetrate  imperfect 
conductors.    This  intensity  is  produced  by  its  accumula- 
tion in  the  galvanic  pile  or  trough,  and  this  accumulation 
is  obtained  by  the  repetition  of  imperfect,  compared  with 
that  of  perfect  conducting  matter  in  the  galvanic  arrange- 
ment :  of  course,  by  the  repetition  of  the  plates,  between 
each  of  which  the  fluid  or  humid  disc  (the  imperfect  con- 
ducting matter)  is  interposed  •,  and  as  from  the  relative 
conducting  powers  of  the  cuticle,  of  fluids,  and  of  metals, 
a  greater  degree  of  intensity  will  be  requisite  to  enable  it 
to  penetrate  the  first  than  the  second,  and  the  second 
than  the  third,  so  the  maximum  of  efl'ect  on  animal  mat- 
ter, in  other  words,  of  the  shock,  must,  from  plates  of  a 
given  surface,  be  at  the  greatest  number  ;  the  maximum 
of  decomposition  of  fluids  at  an  intermediate  number ; 
and  the  maximum  of  effect  on  the  metals  at  the  smallest 
number,  compared  with  extent  of  surface. 

It  is  a  singular  circumstance  with  regard  to  the  Voltaic 
apparatus,  that  it  does  not  appear  to  admit  of  an  accumu- 
lation of  the  galvanism  much  beyond  the  extent  in  which 
that  influence  is  generated  by  it.  If  the  extremities  of 
the  apparatus  are  connected,  the  excess  of  power  is  dis- 
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charged  at  that  wire  which  Is  positive,  and  produces  its 
effects  on  any  substance  interposed  in  the  circuit.  This 
discharge  continues  to  proceed,  but  if  the  communication 
between  the  two  extremities  be  suspended,  it  does  not 
appear  that  the  galvanism  is  much  accumulated,  or  that 
after  the  interruption  it  acts  with  more  energy  than  be- 
fore. Mr  Wilkinson  has  stated,  however,  that  when  the 
plates  are  very  small,  and  of  course  the  surface  exposed 
j  to  action  in  the  trough  inconsiderable,  compared  to  the 
quantity  of  liquor  in  the  cells,  there  is  an  accumulation 
of  power,  a  shock  from  a  trough  of  600  plates,  each  half 
an  inch  square,  being  more  powerful  at  intervals  of  four 
pr  five  nainutes,  than  when  taken  at  shorter  intervals. 

With  regard  to  the  theory  of  Galvanism,  the  first  queSr 
tion  that  naturally  occurs  is,  what  is  its  nature  ?  Is  it  the 
same  with  electricity  ? 

In  their  properties,  and  in  the  laws  they  observe,  they 
have  a  very  near  resemblance.  The  sensations  they  ex- 
cite in  animals,  though  not  perfectly  the  same,  are  very 
similar;  they  are  both  capable  of  stimulating  the  muscles 
to  contraction,  and  by  this  power  are  the  most  delicate 
tests  of  the  presence  of  irritability.  Galvanism,  in  its 
transition  from  one  matter  to  another,  is  like  electricity 
highly  luminous  ;  like  it,  too,  it  produces  intense  heat, 
and  is  thus  a  powerful  agent  in  occasioning  both  chemi- 
cal combination  and  decomposition.  The  conductors  of 
the  one  are  in  general  conductors  of  the  other,  while  sub- 
stances which  refuse  a  passage  to  electricity  are  impervi- 
ous to  galvanism. 

The  connection  of  galvanism  with  electricity  is  proved 
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to  be  still  more  Intimate.    Volta  observed,  that  on  ap- 
plying two  metals  together,  an  arrangement  from  which 
we  know  galvanism  to  be-  produced,  the  one  becomes 
positive  with  regard  to  electricity,  the  other  negative,  as 
he  discovered  by  his  condenser.    On  the  discovery  of  his 
pile  he  found  that  the  two  extremities  of  it  are  in  differ- 
ent electrical  states — that  connected  with  the  more  oxid- 
able  metal  of  the  arrangement, — the  zinc  in  the  one  ge- 
nerally employed,  being  plus,  that  with  the  other  mititiSy 
and  this  has  been  confirmed  by  the  experiments  of 
Nicholson,  Cruickshank,  Van  Marum,  and  others.  From 
each  extremity  of  the  insulated  pile,  the  electricity  dimi- 
nishes towards  the  middle,  and  at  the  central  plate  scarce- 
ly any  signs  of  it  can  be  discovered,  as  follows  indeed 
from  the  nature  of  the  galvanic  battery.    A  weak  electri- 
cal charge  can  even  be  given  to  a  coated  jar,  or  to  an  en- 
tire battery,  by  forming  a  connection  with  the  extremity 
of  a  galvanic  pile.    Volta  states,  that  with  his  pile  he  is 
able  to  charge,  not  only  a  Leyden  phial,  but  a  large  bat- 
tery in  the  twentieth  part  of  a  second,  and  nearly  to  the 
same  intensity  as  in  the  pile  itself ;  and  that  suth  a 
charged  battery  gives  sensible  shocks  *.  The  experiments 
of  Van  Marum  and  Pfaff  on  this  subject,  are  also  ex- 
tremely interesting.     They  made  the  experiment  on 
twenty-five  jars,  which  they  charged  first  separately,  then 
a  few  at  a  time,  and  lastly  all  together.    When  the  zinc 
was  at  the  top  of  the  pile,  and  the  wire  from  it  connect- 
ed with  the  inside  of  the  jar,  the  electricity  of  the  inside 
was  positive  ;  and  they  found  uniformly  that  the  singl? 
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OT  the  batteries  were  charged  to  the  sanne  degree  of 
;  i;snsit7  as  the  pile.   They  also  charged  the  battery  from 
M.iTerent  portions  of  the  pile,  and  found  the  charge  to 
orrespoTid  vfith  the  intensity  of  th»t  portion  of  the  pile 
>nFi  which  it  had  been  made.     They  examined  the 
ocks  given  by  the  battery  thus  charged  from  the  pile, 
.  jie  charge  made  from  twenty  pairs  of  plates  was  incon- 
''lerable;  that  from  forty  was  felt  at  the  wrists,  and 
-rn  sixty  at  the  elbows.   At  the  same  time  these  shocks 
re  not  equal  to  those  from  the  pile,  but  only  about 
if  the  strength.    They  lastly  proceeded  to  ascertain  th^ 
mparative  effects  of  the  common  electrical  machine, 
resisting  of  a  plate  of  glas*  31  inches  in  diameter*  A 
gle  momentary  contact  of  the  conductor  did  not  gnre 
*  charge  to  the  battery,  capable  of  being  discovered  by 
the  electrometer    six  of  these  contacts  gave  a  charge  of 
the  same  intensity  as  that  from  one  contact  of  the  pile. 
Pn  comparing  the  shocks  given  by  the  battery,  from  coth 
tact  with  the  pile,  and  contact  with  the  machine,  they 
were  convinced,  on  repeated  trials,  that  there  was  no  per- 
ceptible difference  between  the  sensations  or  shocks  from 
each,  provided  the  intensities  were  the  same  *. 

These  experiments  appear  to  establish  tlvc  identity  of 
the  two  principles,  Galvanism  and  Electricity.  To  ac* 
count  for  the  slight  differences  between  them, — the  dif- 
ference in  the  seiTsation  received  immediately  from  ths 
pile,  and  from  electricity,  the  galvanic  influence  not  easily 
penetrating  the  cuticle  or  other  imperfect  condactor>. 


*  Merroir  of  Van  Marom,  Nicholson'*  Journal,  Svo,  vol  V 
p.  J  73. 
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and  the  powerful  chemicnl  efFects  of  galvanism,  compar- 
ed with  its  low  state  of  electrical  intensity,  the  hypothesis 
suggested  by  Mr  Nicliolson  *  seems  probable  ;  that  galva- 
nism is  electricity  in  a  stream  of  great  tenuity,  while 
electricity  evolved  by  friction  is  more  concentrated,  and 
is  evolved  as  it  were  in  successive  quantities.    That  gal- 
vanism, if  it  be  electrical,  should  be  in  such  a  state  as  this 
hypothesis  assumes,  seems  to  follow  necessarily  from  the 
nature  of  the  arrangement  by  which  it  is  generated,  which, 
consisting  of  a  series  of  conductors,  it  is  little  accumulated 
by  any  substance,  but  must  be  carried  off"  as  rapidly  near- 
ly as  it  is  produced,  while,  from  the  nature  of  the  electri- 
cal apparatus,  this  does  not  happen,  the  conducting  power 
of  the  glass  evolving  it  from  friction  being  so  inconsidera- 
ble.    That  galvanism  does  exist  in  this  state  of  low  in- 
tensity and  constant  evolution,  appears  from  the  spark 
from  conductors  of  a  galvanic  battery  being  so  small,  and 
unable  to  overcome  the  resistance  of  the  air,  if  the  points 
of  the  conductors  be  at  a  very  small  distance.     It  is  es- 
tablished with  still  more  certainty  by  Van  Marum's  ex- 
periments, in  which  a  charge  of  a  battery  of  137  square 
feet  of  coated  surface,  of  as  high  intensity  as  could  be 
communicated  by  a  pile  of  200  pairs,  was  made  by  a  sin- 
gle contact,  while,  to  give  a  charge  of  the  same  intensity 
from  the  most  powerful  electrical  machine  perhaps  in 
Europe,  required  the  momentary  contact  to  be  repeated 
six  times.    This  shews  that  the  galvanic  fluid  must  have 
moved  in  an  uninterrupted  stream  of  great  velocity,  while 
the  weak  charge  it  did  give  proves  its  low  intensity.  Rit- 


*  Pbjlosophical  Journal,  4to,  vol.  iv.  p.  213. 
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ter  has  remarked,  that  as  the  pieces  of  pasteboard  in  the 
pile  become  dry,  the  time  requisite  to  give  a  charge  is 
greater,  so  that  a  pile,  which  with  pieces  thoroughly  wet, 
would  give  a  charge  instantaneously,  will,  when  they  are  ~ 
nearly  dry,  require  10  or  15  minutes. 

By  a  galvanic  series,  then,  it  seems  to  be  proved,  that 
electricity  is  rapidly  evolved  and  carried  ofF,  or  a  larger 
I  quantity  for  every  moment  of  time  is  given  out  by  such 
a  series,  than  by  the  common  electrical  machine,  while-  in 
the  latter,  the  electricity  by  its  accumulation  is  raised  to 
a  much  higher  degree  of  intensity.    Dr  Wollaston,  by  a 
,  particular  electrical  arrangement,  contrived  even  to  pro- 
duce a  stream  of  electricity  somewhat  analogous  in  its  ef- 
fects to  galvanism.    A  silver  wire,       of  an  inch  in  dia- 
meter, was  coated  with  sealing-wax,  and  cut  through  the 
middle,  so  as  to  expose  a  section  of  the  wire.    On  im- 
mersing the  coated  extremities  of  these  two  portions  of 
wire,  at  -j-th.  of  an  inch  distance  from  each  other,  in  a 
solution  of  sulphate  of  copper,  and  placing  them  in  the 
I  electric  circuit  of  a  common  electrical  machine  in  action, 
I  the  wire  on  the  negative  side  had  a  precipitate  of  copper 
;  formed  on  its  surface ;  an  effect  precisely  the  same  with 
I  that  which  would  have  happened  in  the  same  solution  at 
I  the  negative  wire  of  the  galvanic  battery.    On  reversing 
the  direction  of  the  current  as  to  these  wires,  the  copper 
was  re-dissolved  by  the  power  of  the  wire,  now  rendered 
positive,  while  at  the  other,  now  negative,  a  similar  pre- 
cipitate of  copper  was  formed.    Other  effects  similar  to 
those  of  galvanism  were  obtained  *.    Mr  Davy  has  since 


*  Philosophical  Transactious  for  1801,  p.  429. 
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demonstrated  still  more  completely  the  identity  of  electi;- 
city  ami  galvanism  in  their  chemical  actions.  Employing 
an  arrangement  similar  to  that  contrived  by  Dr  Wolla- 
ston,  and  placing  the  wires  in  connection  with  the  electri- 
cal machine  in  action,  in  separate  portions  of  sulphate  of 
potassa,  the  vessels  being  connected  by  moist  asbestoi, 
potassa  appeared  in  less  than  two  hours  around  the  nega- 
tively electrified  point,  and  sulphuric  acid  around  the  po- 
sitive point.  In  a  similar  experiment,  too,  sulphuric  acid 
was  transferred  through  moist  asbestos  into  water. 

On  the  hypothesis  that  electricity  and  galvanism  are 
the  same,  it  remains  to  be  determined  by  what  cause  it  is 
evolved  and  put  in  motion  in  the  galvanic  arrangements. 
Two  explanations  have  been  given  of  this  subject,  one 
originally  proposed  by  Volta,  the  other  originating 
with  the  British  chemists. 

Volta's  hypothesis  rests  on  a  fact  which  he  proves  by 
experiment,  that  "  if  two  different  metals,  perfectly  dry, 
insulated,  and  having  only  their  natural  quantity  of  elec- 
tricity, be  brought  into  contact,  on  removing  them  from 
that  contact,  they  >are  in  different  electrical  states  ;  the 
one  is  positive,  the  other  negative."  In  the  example  of 
the  metals  now  generally  used  in  galvanic  arrangements, 
the  zinc  is  in  the  former  state  or  plus,  the  copper  in  the 
latter  or  mhws.  The  difference  is  not  very  considerable  ; 
it  is  perceptible,  however ;  but  when  accumulated  in  an 
electric  condenser  by  repeated  application  of  the  plates, 
becomes  sufficiently  strong  to  cause  the  electrometer  to 
diverge.  Electricity,  therefore,  is  developed  by  the  mere 
contact  of  different  metals,  independent  of  any  foreign  ac- 
tion on  tliem  •,  or  one  metal,  by  its  contact  with  ?nother, 
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lorces  part  of  its  electricity  into  that  other,  and  this  ine- 
quality of  distribution  continues  while  they  are  in  contact, 
and  no  conductor  is  applied  to  them.    Different  metals 
have  different  powers  in  this  respect.    Volta  has  placed 
them  in  the  following  order^  from  his  own  experiments : 
!  silver,  copper,  iron,  tin,  lead,  zinc,  it  being  understood 
i  that  the  first  causes  electricity  to  move  into  the  second, 
and  those  which  follow  it,  the  second  into  the  third,  &c. 
Some  minerals,  as  plumbago  and  black  oxide  of  manga- 
:  nese,  and  also  charcoal,  have  a  similar  power.    And  Mr 
I  Davy  has  found  that  it  belongs  even  to  saline  substances. 
If  a  series  of  metallic  plates  were  constructed,  without 
any  intermediate  substance,  what  would  be  the  result  ? 
The  copper  commencing  this  series,  and  in  contact  with 
a  plate  of  zinc,  would  yield  to  it  part  of  its  electricity, 
and  the  zinc,  as  demonstrated  by  experiment,  would  be- 
come positively  charged.    But  if  the  series  be  continued, 
in  other  words,  if  another  plate  of  copper  be  placed  on 
the  other  side  of  the  zinc,  this  action  is  interrupted,  the 
i  zinc  being  in  contact  at  each  of  its  surfaces  with  the  two 
I  plates  of  copper, 'two  equal  forces  act  in  opposite  direc- 
tions, and  thus  destroy  or  counterbalance  each  other. 
I  Hence  the  result  of  such  an  arrangement  would  be,  that 
the  difference  in  the  electrical  state  would  not  be  greater 
in  the  v/hole,  than  in  a  single  pair  of  the  plates,  and 
would  even  amount  to  nothing  if  the  arrangement'began 
and  ended  with  the  same  metal.    An  augmentation  of 
force  cannot  even  be  attained  by  an  alternate  arrangement 
of  three  metals,  as  they  differ  little  in  the  same  power. 
But  if  a  piece  of  moist  card  or  cloth  be  placed  between 
the  plates,  in  the  example  quoted,  between  the  zinc  plate 
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and  the  second  copper  plate,  the  effect  of  the  latter  on  thi 
former  is  interrupted,  the  fluid  in  the  card  having  conj 
paratively  with  the  metal  little  of  this  peculiar  electro, 
motive  power,  or  property  by  contact  of  breaking  the 
equilibrium  of  electricity,  does  not  itself  check  the  motion, 
but  acting  as  a  conductor,  conveys  the  positive  electricity 
from  the  zinc  to  the  next  copper  plate  ;  and  accordingly, 
on  this  addition  of  the  moistened  card,  Volta  finds  by 
experiment,  that  signs  of  electricity  are  manifested  in  the 
series. 

On  these  facts  may  be  explained  the  evolution  and 
motion  of  electricity  in  the  common  galvanic  arrange- 
ments. Suppose  the  pile  to  commence  with  a  plate  of 
copper  on  an  insulated  base,  and  that  over  this  is  placed 
a  plate  of  zinc,  by  the  contact  the  copper  becomes  ne- 
gative, or  loses  a  portion  of  its  electricity,  which  the  zinc 
acquires ;  if  a  piece  of  moistened  pasteboard  be  placed 
over  the  zinc,  having  very  little  of  the  peculiar  electro- 
motive power,  it  does  not  counteract,  or  does  so  in  so 
slight  a  degree  as  to  admit  of  being  neglected,  the  action 
between  the  pair  of  plates,  but  operating  as  a  conductor, 
a  piece  of  copper  placed  above  it  must  now  acquire  the 
same  electric  state  as  the  zinc  below.  The  pile  being 
supposed  insulated,  this  can  be  done  only  at  the  expence 
of  the  undermost  copper  plate,  and  hence  it  loses  still 
more  of  its  electricity,  or  becomes  more  highly  negative, 
it  losing  as  much  as  the  other  acquires.  On  now  plac- 
ing over  the  second  copper  plate  a  second  plate  of  zinc, 
it  must  acquire  more  electricity  than  the  copper  over 
which  It  is  placed,  which  can  be  acquired  only  at  the  ex- 
pence  of  the  pieces  beneath,  and  each  of  these  will  there- 
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li  e  sufFer  a  proportional  diminution  j  the  first,  or  that 
which  commenced  the  pile,  will  become  more  highly  ne- 
gative than  before ;  the  second  and  third  pieces,  which 
were  positively  charged,  will  have  that  charge  diminished, 
and  approach  nearer  to  their  natural  state ;  the  second 

1  one  more  so  than  the  third  ;  while  the  upper  piece,  which 

i  of  course  is  the  second  plate  of  zinc,  will  be  more  highly 
positive.    In  this  manner,  the  quantity  of  electricity  in 

I  the  uppermost  plate  will  increase  in  arithmetical  progres- 

I  sion  as  we  rear  the  pile,  while  it  will  be  proportionally 
diminished  at  the  base,  and  the  two  extremities  will  there- 

I  fore  be  in  the  opposite  electrical  states,  the  difference  be- 
ing greater  or  less  according  to  the  number  of  plates ;  and 

I  as  many  degrees  as  the  plate  at  the  head  of  the  column 
is  positive,  so  many  will  that  at  the  bottom  be  negative, 
while  in  the  middle  of  the  column  there  will  be  two 
plates  in  their  natural  state. 

When  a  communication  is  made  by  a  conductor  be- 

I  tween  the  two  extremities,  a  current  of  electricity  is  es- 
tablished ;  or  if  a  communication  be  established  between 
the  earth  and  the  base  of  the  pile,  and  a  communication 
of  the  other  extremity  with  conductors,  the  metal  which 
yields  electricity  to  the  other  receives  it  from  the  earth, 

i  continues  still  to  give  it  to  the  other,  from  which  it  is 
carried  forward  by  the  contiguous  fluid  or  humid  sub- 
stance, and  thus  a  constant  current,  increasing  as  it  pro- 
ceeds, is  established.  If  the  pieces  of  card  be  moistened 
with  a  saline  solution,  or  a  diluted  acid  instead  of  water, 
the  effect  of  the  pile  it  is  known  is  greater.  This  Volta 
ascribes  to  their  greater  conducting  power,  and  he  shews 
by  experiment  wl-;at  proves  this,  that  although  the  effects 
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are  more  conslilerable  when  these  liquids  are  employed, 
the  tension  indicated  by  the  electrometer  does  not  equaliv 
increase,  but  appears  even  to  be  the  same,  at  least  in 
comparing  water  with  a  solution  of  sea-salt.  The  differ- 
ent galvanic  pDwers  of  the  different  metals,  he  supposes 
owing  to  the  degrees  in  which  they  possess  this  electro- 
moving  power,  or  to  the  effect  of  breaking  by  contact 
the  electric  equilibrium  being  greater  in  some  than  in 
others,  zinc  taking  electricity  from  every  other,  and  gold 
yielding  it  to  the  rest. 

Though  the  action  which  puts  in  motion  the  electric 
fluid,  is  greatest  between  the  metals,  Volta  finds,  that  it 
likewise  exists,  though  in  a  less  degree,  in  other  substances; 
as  in  charcoal,  metallic  oxides,  and  a  number  of  liquids: 
between  some  liquids  and  metals  it  is  such  as  to  allow  of 
a  galvanic  arrangement  being  formed  of  such  liquids  and 
a  single  metal ;  and  in  this  way  is  explained  the  construc- 
tion of  such  an  arrangement,  from  a  metal  with  its  dif- 
ferent sides  in  contact  with  diluted  nitric  acid  and  a  so- 
lution of  sulphuret  of  potassa,  as  has  been  already  describ- 
ed. If  we  could  discover  solid  substances  which  were 
conductors  of  electricity  without  having  the  electromo- 
tive power,  a  pile  might  even  be  constructed  by  their 
medium,  without  the  intervention  of  any  fluid  *. 

The  hypothesis  opposed  to  Volta's,  is  that  which  sup- 
poses the  electricity  in  a  galvanic  series  to  be  evolved  in 

*  Report  to  the  National  Institute,  translated  in  the  Phi- 
losopliical  Magazine,  vol.  xi.  p.  301.  Letter  of  Volta,  tran- 
slated in  Nicholson's  Journal,  8vo,  vol.  i.  p.  135.,  and  Me- 
moir by  Volta,  Arnales  de  Chimie,  t,  xl.  p.  225. 


OF  GAL\  AXIS.M.  5/7 

consequence  of  the  chemical  action  of  the  substances 
composing  it.    It  was  undoubtedly  suggested  by  the  re- 
searches of  Fabroni.    These  discovered  some  sinsular 
facts  as  to  the  mutual  action  of  metals.    He  observed, 
that  metals  when  pure  preserve  their  lustre  for  a  long 
time,  but  that  their  alloys  are  quickly  tarnished,  and  oxi- 
dated by  exposure  to  the  air ;  that  the  contact  of  two 
metals  hastens  the  oxidation  of  each  ;  and  hence,  as  Fa- 
broni  found,  if  pure  metals  be  put  in  separate  vessels  of 
water,  they  are  not  altered  ;  but  if  two  of  them  be  im- 
mersed in  water  in  contact,  the  more  oxidable  one  is  soon 
loaded  with  oxide.   The  signs  of  electricity  which  are  ob- 
served when  two  metals  are  separated  from  contact,  are 
rather  to  be  consi<lered  as  the  consequence  of  this  chcmi- 
cal  action  than  the  cause ;  all  the  other  phenomena,  even 
the  sensations  which  the  metals  excite,  Fabroni  regards 
as  the  immediate  effects  of  the  chemical  action,  and  not 
as  the  efFects  of  the  electricity  which  that  action  evolves  * 
This  correction  in  the  theory,  however,  was  soon  made 
by  the  British  chemists,  and  the  evolution  of  electricity 
m  the  galvanic  apparatus  ascribed  to  the  chemical  action 
existing  in  the  parts  composing  it,  probably  from  that  ac- 
tion d.minishing  the  capacity  for  electricity,  or  perhaps  in 
consequence  of  the  motions  by  which  it  is  attended. 

The  following  is  the  mode  in  which  the  determination 
of  the  electrical  current  in  the  galvanic  apparatus  has  been 
explained,  according  to  this  hypothesis.  The  first  series 
"1  the  pile  or  trough  is  copper,  .inc  aiid  fluid  ;  the  che- 
mical action  is  exerted  between  the  fluid  and  the  conti- 


*  Nicholson's  Journal,  4to,  vol.  iv.  p  IOq 
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guous  surface  of  zinc,  and  in  consequence  of  it  the  elec- 
tricity is  evolved,  or  passes  from  the  substance  of  the  zinc 
to  the  surface  acted  on  ;  the  plate,  therefore,  becomes  ne- 
gative,— a  state  which  is  likewise  communicated  to  the 
copper  on  the  opposite  side.    The  electrical  current  is 
thus  determined,  or  it  passes  from  the  zinc  through  the 
fluid,  (according  to  Dr  Bostock,  who  has  stated  this  hy- 
pothesis more  fully  than  any  other  writer,  by  the  electric 
matter  combining  with  the  hydrogen,  which  arises  at  the 
same  time  from  the  decomposition  of  the  fluid  *) ;  it  is 
thus  brought  to  the  next  plate  ;  were  this  zinc,  a  chemi- 
cal action  would  also  be  exerted  between  it  and  the  fluid, 
and  a  current  in  an  opposite  direction,  by  which  each 
would  of  course  be  neutralized,  would  be  formed  ;  but 
being  of  copper,  and  the  chemical  action  being  always 
on  the  more  oxidable  metal,  the  copper  merely  conducts 
the* electricity  to  the  next  plate  of  zinc   at  the  other  sur- 
face  of  this  zinc  plate,  a  fresh  portion  of  electricity  is 
added  to  the  current  by  the  chemical  action  which  is 
there  exerted ;  this  is  repeated  at  each  of  these  plates, 
the  quantity  of  electricity  is  increased  as  the  current  pro- 
ceeds j  and  hence  the  last  zinc  plate  of  the  battery  must 
be  in  a  positive  state,  while  the  other  extremity  is  negative. 

The  difference  between  these  two  hypotheses  is  obvi- 
ous. According  to  the  one  now  stated,  the  electricity  is 
generated  at  the  contact  of  the  humid  substance  with  the 
more  oxidable  metal,  and  the  use  of  the  other  metal  is 
merely  to  prevent  an  opposite  action,  and  determine  the 
electrical  current ;  while,  according  to  that  of  Volta,  the 


*  Nicholson's  Journal,  vol.  iii.  p.  10.  7>^. 
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electricity  is  generated  at  the  contact  of  the  two  metals, 
and  the  fluid  or  humid  substance  serves  the  purpose  only 
of  effecting  a  communication  between  the  metallic  pairs, 
so  as  to  impel  the  electrical  fluid  in  one  direction. 

It  has  been  supposed  difficult  to  decide  on  the  merits 
of  these  hypotheses,  since  in  favour  of  each  of  them  there 
are  certain  facts  of  considerable  weight. 

The  theory  of  Volta  rests  on  a  fact  which  is  not  con- 
troverted, that  two  metals,  by  mere  contact,  alter  their 
electrical  states.  This  is  established,  not  only  by  his  own 
experiments,  but  by  experiments  which  had  bepn  before 
Blade,  though  unknown  to  him,  by  Bennet  and  Cavallo  *: 
The  action  of  the  metals  in  the  galvanic  arrangement, 
may  therefore  be  such  as  he  describes  ;  and  it  appears  to 
be  proved,  what  he  contends  for,  that  electricity  is  evolved 
from  conductors,  independent  of  chemical  action.  This 
being  admitted,  to  what  other  cause,  he  observes,  can  it 
be  ascribed  in  such  experiments  than  to  mutual  contact  ? 

It  is  true  also,  that  the  saline  solutions,  and  the  acids, 
which  promote  so  much  the  generation  of  galvanism, 
are,  as  the  hypothesis  of  Volta  supposes,  better  conduc- 
tors of  electricity  than  pure  water.  This,  Berthollet  re- 
marks, was  established  prior  to  these  researches  by 
Priestley  and  Morgan  f.  At  the  same  time,  I  must  re- 
mark, that  it  does  not  follow  from  Volta's  hypothesis, 
that  their  superiority  in  the  construction  of  galvanic  ar- 
rangements shall  be  precisely  proportional  to  their  su- 
perior conducting  power ;  for,  in  all  cases,  their  action  in 


*  Nicholson's  Journal,  8vo,  vol.  i.  p.  14-4. 
t  Statics,  vol.  i.  p.  162. 
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regulating  the  motion  of  the  galvanic  influence  is  In  some 
measure  counteracted  by  their  electro-motive  power  •,  and 
this  they  may  be  poss,essed  of  in  different  degrees. 

So  far,  therefore,  Volta's  hypothesis  appears  to  be  es- 
tablished J  but,  on  the  other  hand,  some  facts  have  been 
stated,  which  have  been  supposed  to  prove,  that  chemical 
action  has  a  share  in  the  production  of  this  power.  The 
power  of  the  interposed  liquids  seems  in  general  to  bear 
a  proportion  to  their  chemical  energy ;  they  promote  the 
generation  of  galvanism,  while  that  action  is  exerted,  and 
it  ceases  as  they  are  neutralized.  MrJDavy  has  shewn, 
that  when  pure  water  is  used  to  moisten  the  cards  in  the 
pile,  scarcely  any  galvanism  is  excited  ;  while  if  it  hold 
atmospheric  air,  oxygen  gas,  nitrous  gas,  or  an  acid  in  so- 
lution, the  pile  acts  with  more  or  less  force.  When  we 
perceive  the  action  thus  promoted  by  substances  which  we 
know  act  chemically  on  the  metals,  it  is  perhaps  illogical 
to  disregard  this,  and  to  suppose  that  the  difference  in 
their  eflPects  is  owing  to  different  conducting  powers  com- 
municated to  the  fluid.  A  fact  of  a  similar  kind,  and 
supposed  to  be  still  more  decisive,  is,  that  the  action  of 
the  galvanic  arrangement  is  much  dependent  on  the  che- 
mical nature  of  the  surrounding  medium.  Major  Hal- 
dane  found,  that  when  the  pile,  constructed  of  silver,  zinc, 
and  discs  soaked  in  pure  water,  was  placed  In  -vacuo^  its 
action  immediately  ceased  that  in  a  jar  of  atmospheric 
air,  it  went  on  for  a  limited  time  ;  that  in  a  jar  of  nitro- 
gen gas^  it  did  not  even  commence,  while  in  oxygen  gas 
it  was  more  energetic  ;  and  either  in  this  gas  or  in  atmos- 
pheric air,  the  oxygen  was.  consumed  *.    These  facts 
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were  confirmed  by  Mr  Davy,  who  farther  found,  that  in 
other  gases,  not  capable  of  affording  oxygen,  as  hydrogen, 
or  carburetted  hydrogen,  the  galvanic  action  could  not  be 
excited  ;  but  that  when  two  or  three  drops  of  nitric  acid 
had  been  added  to  the  portions  of  water  between  the  me- 
tallic plates,  it  was  immediately  excited  even  in  vacuo  *, 
as  it  is  also  according  to  Van  Marum's  experiments,  when 
a  solution  of  muriate  of  ammonia  is  used  •,  though  even 
then  the  power  is  much  increased  by  the  pile  being  plac- 
ed in  oxygen  gas.  The  connection  is  thus  established 
between  the  evolution  of  galvanic  electricity,  and  the  che- 
mical action  of  the  substances  from  which  it  is  evolved. 
This  is  not  less  proved  by  the  ceasing  of  the  action  of  the 
galvanic  battery,  from  the  change  which  the  liquid  suffers 
in  its  composition  by  its  action  on  the  metals ;  this  change 
weakens  its  chemical  powers,  but  it  can  scarcely  be  supr 
posed  to  diminish  so  much  its  conducting  faculty,  or  exalt 
its  electro-motive  power,  as  to  suspend  the  production  of 
galvanism  from  the  contact  of  the  metals. 

These  facts,  however,  can  perhaps  at  farthest  only  ren^ 
jder  it  probable,  that  chemical  action  has  some  share  in 
modifying  the  production  of  galvanism,  not  that  it  is  the 
sole  cause  of  its  evolution  ;  and  there  are  even  others  of 
an  opposite  kind,  of  which  prove  that  the  powers  of  difFer- 
'  ent  liquids  in  the  galvanic  battery  are  pot  proportional  to 
their  chemical  agency.  Thus,  next  to  acids,  the  solutions 
of  pure  potassa,  of  muriate  of  soda,  and  muriate  of  am- 
monia, are  most  effectual  in  promoting  it  i  yet  they  by  no 
means  exert  any  very  great  chernical  energy.  If  we  com- 
pare the  action  they  do  exert,  with  that  of  other  aubstan- 

•  Nicholson's  Journal,  p.  339.  395. 
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CCS  which  likewise  act  on  metals,  but  which  generate  less 
galvanism,  or  with  the  rapid  action  of  acids,  and  compare 
their  exciting  galvanic  powers,  it  will  appear  that  thesfr 
are  in  no  proportion,  but  that  the  exciting  powers  of  the 
solutions  of  these  salts,  are  greater  than  what  such  a  theory 
would  suggest.  With  regard  to  potassa,  for  example,  it 
exerts  so  little  chemical  action  on  the  metals,  that,  accord- 
ing to  Van  Marum,  their, polish  is  not  even  impaired  *, 
The  same  conclusion  will  follow  from  the  comparative 
action  of  the  different  acids.  Sulphuric  acid,  diluted,  has 
much  less  power  than  muriatic  or  nitric  acid  in  exciting 
galvanism.  Yet  its  chemical  action  ort  the  metals  in  a 
galvanic  arrangement  is  as  energetic. 

"When  to  these  facts  are  added  the  consideration,  that 
the  principle  of  Volta's  theory  is  an  established  truth, — 
that  metals,  by  mere  contact,  and  independent  of  any  che- 
mical action,  break  the  electric  equilibrium, — and  that  in 
an  arrangement  such  as  the  galvanic  pile  or  trough,  it  is 
demonstrable,  that  from  such  a  property  the  electricity 
must  increase  from  the  commencement  towards  the  ter- 
mination of  the  arrangement',  there  are  probably  suffi- 
cient grounds  to  conclude,  that  the  cause  assigned  in  that 
theory  is  the  real  one,  and  that  chemical  action  has  only 
a  subordinate  share  in  producing  or  modifying  the  effect, 
the  nature  and  extent  of  which  remain  to  be  elucidated 
by  farther  research. 


*  Nicolson's  Journal,  Svo,  vol.  i.  p.  180. 


NOTES 


Note  A, 


I  HAVE  remarked  in  the  text,  that  the  doctrines  of  chemical 
affinity,  which  were  formerly  considered  as  established,  have 
been  much  modified  by  the  speculations  advanced  by  Ber» 
thollet.  A  general  statement  of  these  I, have  incorporated  in 
the  enumeration  of  the  laws  of  chemical  attraction,  without 
illustrating  them  minutely,  or  engaging  in  much  discussion  with 
regard  to  the  evidence  on  which  they  rest,  as  this  would  have 
involved  details,  with  which  the  reader  of  an  elementary  system 
must  be  supposed  unacquainted.  But  as  the  subject  is  highly 
important,  while  at  the  same  time  the  different  parts  of  it  are 
not  free  from  obscurity,  it  will  not  be  uninteresting  to  consider 
it  more  fully.  The  additional  illustrations  and  observations 
which  I.  conceive  necessary,  I  shall  state  in  the  order  referred 
to  in  the  text. 

jf.  [fi.  67.)  The  change  of  properties  from  chemical  combi- 
nation is  its  most  important  effect,  and  is  therefore  an  interest- 
ing subject  of  inquiry.  Newton,  to  whom  we  are  indebted  for 
the  first  just  views  of  chemical  aflinityj  supposed  the  properties 
of  a  compound  to  be  derived  from  those  of  its  elements,  and 
from  this  principle  deduced  bis  singularly  acute  conjecture,  that 
water  contains  an  inflammable  ingredit  nt.   Stahl  maiutaincd  the 
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same  opinion,  or  tauglit  tliat  the  properties  of  compounds  are 
intermediate  between  those  of  their  constituent  parts.  As  in 
the  progress  of  chemical  observation,  however,  many  cases  oc- 
curred which  appear  in  direct  opposition  to  this  principle,  and 
as  the  doctrine  itself,  at  least  as  advanced  by  Stahl,  rested  in  a 
great  measure  on  hypothetical  views,  it  was  gradually  relin- 
quished ;  and  for  some  time  chemists  have  been  satisfied  with 
slating  merely  the  gejieral  fact,  that  in  many  cases  of  combina- 
tion the  properties  of  the  bodies  combining  are  not  much  chan- 
ged, while,  in  other  cases,  the  chang^  is  striking  and  complete, 
•without  endeavouring  to  refer  this  difference  to  any  principle. 
Berthollet,  in  the  course  of  his  speculations,  has  in  some  mea- 
sure connected  tliese  facts,  assigned  causes  for  the  pecuharitits 
that  are  observed,  and  thus  given  a  general  theory  of  the  change 
of  properties  from  combination,  of  which  it  may  not  be  unin- 
teresting to  give  a  brief  connected  view. 

One  great  cause  by  which  the  chemical  properties  of  bodies 
must  be  materially  modified  by  their  combination,  is  the  dimi- 
nution which  saturation  produces  in  the  strength  of  their  affi- 
nities. .  Hence  the  chemical  action  of  a  compound  must  be  less 
energetic  than  that  of  its  simple  elements  ;  and  this  constitute?, 
accordingly,  in  many  cases,  the  change  from  combination,  iu 
what  are  named  the  chemical  properties  of  a  body  or  the  pe- 
culiar actions  it  exerts.  It  is  well  exemphfied  in  the  neutral 
salts,  which  have  much  less  activity  as  chemical  agents,  and  less 
tendency  to  combination,  than  either  the  a^ids  or  alkalies  of 
which  they  consist. 

At  the  same  time,  this  is  often  modified  by  another  circum- 
stance, the  condensation  which  attends  combination,  and  which 
sometimes  weakens  the  action  of  substances  ;  in  other-  cases 
adds  to  its  force.  The  chemical  action,  for  example,  of  sub- 
stances existing  in  the  aeriform  state,  is  in  some  me'sure  coun- 
teracted  by  their  elasticity.  Hence,,  if  an  elastic  ingredient 
enter  into  a  combination,  in  which  it  exists  in  the  liquid  state, 
the  action  it  exerts  may  be  more  increased  by  this  condeusa-, 
tion,  than  weakened  by  the  affinity,  which  is  of  course  exerted 
to  it  by  the  substance  with  which  it  is  combined  in  the  com- 
pound.   Of  this  WE  have  an  example  in  the  acids  ;  as  in  the 
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nitric  aciJ,  where  the  chemical  action,  arising  from  the  affi- 
nities exerted  by  the  oxygen  existing  in  it,  is  in  many  cases 
more  energetic  than  that  of  oxygen  in  its  aerial  form.  On  the 
other  hand,  where  condensation  from  chemical  action  is  carried 
5o  far,  that  the  elements  in  combining  pass  to  a  solid  state,  the 
cohesion  thus  acquired  will  concur  with  the  diminution  of  their 
nttrnctive  forces  from  saturation,  in  limiting  the  affinities  they 
exert,  or  in  counteracting  the  affinities  which  may  be  exerted 
by  others  towards  them  ;  and  hence  such  a  compound  will  be 
less  susceptible  of  chemical  action  than  its  constituent  parts. 
Thus  we  perceive,  how,  from  the  influence  of  condensation  in 
t'ifferent  degrees,  and  from  the  effect  of  saturation  on  affinity, 
iIk  chemical  properties  of  bodies  may  be  changed.  The  same 
condensation,  it  is  obvious,  may  also  modify  other  chemical 
properties,  as,  for  example,  the  relation  of  the  body  to  heat  : 
!t  may  also  change  its  mechanical  constitution  ;  and  to  the 
new  arrangement  of  particles  which  an  energetic  combination 
Occasions,  rnay  be  ascribed  the  change  in  colour,  transparency, 
,nd  other  physical  properties,  which  often  attends  chemical 
nion. 

Another  circumstance,  from  which  arises  much  of  the  altera- 
tion which  bodies  suffer  in  their  properties  from  combination, 
IS,  that,  where  opposing  or- incompatible  properties  exist  in 
iHbstances,  which,  when  they  are  combined  to  saturation,  must 
•e  mutually  destroyed,  as  in  the  characteristic  property  of  acids 
if  reddening  vegetable  colours,  and  the  equally  characteristic 
lone  m  alkalies  of  changing  these  colours  to  a  green.  One  of 
these  cannot  be  predominant  but  from  the  other  having  been 
impaired  ;  and  an  equality  of  force  gives  rise  to  a  state  in  which 
the  characteristic  properties  neither  of  the  one  substance  nor  of 
the  other  are  discoverable.  This  is  well  illustrated  in  the  com- 
jinations  of  acids  with  alkaline  bases,  and  the  formation  either 
of  neutral  cojnpounds,  or  of  compounds  with  acid  or  alkaline 
properties  as  either  ingredient  predominates. 

The  theory,  therefore,  may  be  maintained,  that  the  properties 
of  substances  combining  enter  with  them  into  the  combination, 
and  would  always  be  discoverable  in  the  compound,  were  it. 
tot  for  accompanying  circumstances,  by  which  they  are  modi- 
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ficd  or  disguised,  and  apparently  new  properties  acquired.  1,,. 
compatible  qualities  are  neutralized  ;  aflinitieg  become  weaker 
from  saturation  ;  they  are  also  in  some  cases  impaired,  in  others 
favoured,  by  the  condensation  and  mutual  penetration  which 
the  bodies  suffer  ;  and  from  the  same  condensation,  the  pro- 
perties arising  from  the  mechanical  constitution  of  the  bodies 
must  be  changed.  j 
From  these  observations  may  be  deduced  the  general  rule, 
that  where  energetic  affinities  are  exerted,  or  where  substances 
having  opposing  properties  are  united,  the  properties  will  be 
much  changed  ;  but  where  the  affinity  exerted  has  not  been 
energetic,  or  where  the  substances  combined  are  such  as  agree 
in  the  general  assemblage  of  their  quahties,  the  properties  of 
the  compound  will  not  differ  far  from  the  mean  of  those  of  iti 
constituent  parts,  or  of  its  more  active  ingredient.    One  of  the 
most  striking  examples  of  chemical  combination  with  httle 
change  of  properties,  is  in  the  solutions  of  salts  in  water.  In 
this,  the  affinity  effecting  the  solution  does  not  appear  to  be  a 
powerful  one,  for  there  is  little  condensation,  and  it  is  easily 
overcome  by  the  application  of  heat,  and,  such  as  it  is,  its  force 
is  in  some  measure  spent  in  counteracting  the  cohesion  of  the 
solid  ;  and  accordingly  in  this,  the  only  property  that  suffers 
alteration  is  the  form.    Of  the  combination  of  bodies  which 
have  few  opposing  properties,  the  metals  furnish  an  example 
which  illustrates  the  general  theory.    They  agree  in  the  pos- 
session of  a  certain  range  of  properties ;  and  the  individual  me- 
tals differ  rather  in  the  degree  in  which  these  belong  to  them, 
than  in  having  peculiar  ones,  which  might  often  be  incompati- 
ble. .  Accordingly,  when  they  are  combined,  the  compounds 
they  form  have  still  the  general  metallic  qualities  varied  only, 
but  in  general  not  very  materially  changed,  so  as  to  be  far  from' 
the  medium  of  those  of  the  substances  uniting  ;  at  least,  not 
more  than  may  be  accounted  for  by  the  change  in  the  force  of 
affinity,  and  in  the  density  which  arise  from  the  combination. 

Even  in  those  cases  where  moreenergetic  affinities  are  exertul, 
and  where  substances  with  opposite  characteristic  properties  mc; 
combined,  -we  may  often  trace  the  properties  of  compounc^  . 
from  those  of  their  constituent  parts.  For  example,  if  we  cor  • 
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pare  the  salts  which  ammonia  forms  with  the  acids,  with  the 
salts  which  the  other  alkahes  or  earths  form,  we  observe  that 
ithe  former  are  distinguished  by  their  volatihty,  a  property  un- 
doubtedly derived  from  their  base.    In  hke  manner,  as  Ber- 
thoUet  has  remarked  *,  we  have  illustrations  of  this  in  the  spa- 
iring  solubility  of  salts,  composed  of  ingredients  which  have  a- 
(great  tendency  to  solidity  or  fixity,  compared  with  those  which 
have  tendencies  of  an  opposite  nature,  as  in  the  phosphates, 
oxalates,  tartrates  and  sulphates,  compared  with  the  muriates, 
ithe  nitrates,  and  the  acetites,  and  in  the  earthy  compared  with 
'the  alkaline  salts.    In  the  properties  of  these  salts,  he  observes, 
iwe  find  *'  an  exact  correspondence  with  the  supposition,  that 
their  insolubility  depends  on  the  natural  disposition  of  their 
elements,  increased  by  the  condensation  arising  from  the  affini- 
ty which  unites  them  f 

Yet  I  must  remark,  that  though  these  and  similar  facts  ac- 
cord with  the  theory,  there  are  many  for  which,  on  the  same 
principles,  it  would  be  difficult  to  account.    To  take  an  ex- 
ample which  BerthoUet  himself  has  partly  stated  :  Lime  and 
magnesia  form  salts  which  are  deliquescent :  the  slalts,  on  the 
other  hand,  which  potassa  and  soda  form  with  the  same  acids, 
have  no  such  property  ;  yet  from  the  theory  the  reverse  might 
be  expected.    Potassa  and  soda  are  deliquescent  substances  ; 
I  lime  and  magnesia  are  not.    If  the  property,  therefore,  remain 
iti  the  compound,  it  ought  to  be  apparent  in  the  salts  having 
I  the  two  former  for  their  base,  not  in  those  formed  by  the  lat- 
iter;  nor  is  there  any  evident  cause  why  in  the  latter,  or  the 
salts  of  lime  and  magnesia,  such  a  property  should  exist.  Ber- 
thoUet, in  comparing  these  two  earths  in  this  respect  with  ba- 
rytes  and  strontitcs,  which  do  not  form  deliquescent  salts,  a- 
!  scribes  the  difference  to  "  the  influence  of  the  capacity  for  sa- 
^«  turation      by  which  probably  is  to  be  understood,  that  a.s 
1  magnesia  and  Hme  saturate  a  larger  quantity  of  acid  than  these' 
bases  do,  the  property  of  deliquescence  may  be  derived  from  the 
acid,  which,  in  the  deliquescent  salts  that  these  earths  form,  the 
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muriates,  for  example,  has  a  strong  attraction  to  water.  But 
this  larger  qna<itity  of  acid  which  tticse  bases  condense,  is  sup. 
posed  by  Berthollet  himself  to  denote  a  stronger  attractive  force 
which  they  exert ;  and  of  course,  this  ought  both  to  neutralize 
more  completely  any  property  of  the  acid,  and  produce  a  com- 
pound  with  more  density  or  tendency  to  cohesion,  and  ouglit 
hence  to  prevent  deliquescence,  if  this  property  were  derived 
from  the  acid.  Besides,  the  contrast  of  these  two  earths  with 
potassa  and  soda  in  this  respect,  is  much  stronger  than  the  con- 
trast  of  them  which  Berthollet  has  exhibited  with  barytcs  and 
Btrontites ;  since  the  latter,  at  least  so  far  accord  with  the  theory, 
that  if  they  do  not  produce  dehquescent  salts,  they  are  not 
themselves  deliquescent,  which  potassa  and  soda  are.  These  al- 
kalies also  differ  less  from  magnesia  and  lime  in  the  capacity  of 
saturation  ;  soda  indeed  differs  very  little.  And,  lastly,  am- 
monia, which  has  an  attraction  to  water  unquestionably  as  great 
as  soda  or  potassa,  is  a  similar  example  to  which  the  solution 
does  not  apply  ;  for  it  does  not  produce  deliquescent  salts,  and 
vet,  in  capacity  of  saturation,  it  is  inferior  to  lime. 

Besides  these,  many  other  examples  might  be  quoted.  Thus 
muriate  of  lime  is  deliquescent.  Fluate  of  lime  is  so  far  from 
being  so,  tliat  it  is  altogether  insoluble  in  water  ;  yet  as  both 
acids  have  a  strong  affinity  to  water,  and  as  they  do  not  appear 
to  differ  much  in  the  force  of  the  affinity  they  exert  to  that 
base,  there  is  no  apparent  cause  for  this  difference.  It  will  be 
found  equally  difficult  to  account  for  the  peculiar  properties  of 
the  alkaline  carbonates.  The  whole  class  of  salts,  indeed, 
might  be  passed  under  review,  and  as  many  would  be  found  un- 
favourable as  favourable  to  the  theory  ;  proving,  therefore,  so 
far  at  least,  its  deficiency. 

Facts  also  might  be  stated  from  other  classes  of  compound":, 
which  appear  irreconcilable  with  the  theory.  To  select  one  ex- 
ample :.  Ai-senic  is  a  metal  easily  volatilized.  When  combined 
with  oxygen,  it  forms  in  the  first  proportion  a  compound,  m 
which  the  principle  of  the  theory  is  sufficiently  exemplifu; '., 
this  compound  being  more  volatile  than  the  metal  itself.  IV. t 
when  still  more  oxygen  enters  into  the  combination,  a  c: 
pound  is  formed,  which  ii  perfectly  fixed  ;  or,  in  this  csampi.  , 
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a  substance,  by  combining  with  the  base  of  an  elastic  fluid,  not 
only  renders  it  fixed  to  a  certain  extent,  but  the  entire  com- 
pound, instead  of  approaching  to  a  medium  volatility,  becomes 
even  less  volatile  than  the  ingredient  of  it  which  is  most  fixed  ; 

1  nor  is  there  any  such  condensation  from  the  combination  as  will 

i  serve  to  account  for  this. 

There  are  also  properties  observed  to  be  acquired  by  com- 
pounds, for  the  production  of  which  it  would  be  difficult,  on 
the  preceding  principles,  to  give  any  explanation.  Suppose, 
for  example,  as  BerthoUet  is  disposed  to  maintain,  that  the  cha- 
racteristic properties  of  acids  depend  on  their  oxygen,  from 

:  what  modification  of  condensation,  or  any  other  circumstance, 
can  arise  the  most  characteristic  quality  possessed  by  all  of 
them,  that  of  changing  the  vegetable  colours  to  a  red,  a  pro- 
perty not  observed  in  oxygen  ?  Or  whence  can  the  opposite 
property  of  the  alkalies,  that  of  changing  the  vegetable  colours 

fto  a  green,  derive  its  origin  ? 

Yet  it  must  be  admitted,  that  a  slight  circumstance  may  give 

i  prise  to  apparent  difficulties,  and  that  in  such  cases  we  cannot  be 
assured  that  all  the  modifying  circumstances  are  precisely  known. 
We  can  scarcely  expect  more  perhaps  in  the  theory,  than  that 
it  shall  accord  with  the  greater  nuirber  of  facts.  If  there  are 
some  which  appear  to  be  not  comprehended  under  it,  or  even 
to  be  in  opposition  to  it,  this  probably  may  arise  rather  from 
jthe  difficulty  of  the  investigation,  than  from  the  principle  itself 
Ibeing  false."  It  accords  with  many  phenomena  ;  and  it  is  an 
liraportant  acquisition,  if  we  can  refer  to  a  general  principle, 
'luminous  and  fertile  in  applications,  what  must  otherwise  be  re- 
ceived merely  as  an  ultimate  fact. 

I  B.  (ji.  73. ) — The  production  of  heat  and  cold  from  chemical 
action  is  no  doubt  referable  to  the  ultimate  law,  that  by  combi- 
ination  the  capacities  of  bodies  for  caloric  are  changed,  the  ex- 
tent of  the  change  being  appreciable  by  experiment.  But  there 
is  a  less  abstract  view,  as  referring  to  the  mure  immediate  cau- 
se's, under  which  the  subject  may  be  considered,  vvhich  Ber- 
thoUet has  stated  in  considering  change  of  temperature  as  an 
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effect  of  chemical  action,  and  of  which  an  account  may  be  giren, 
rather  more  ample  than  could  be  in.troduced  into  the  text. 

The  effect  of  chemical  combination  is  condenfation,  or  there 
is  a  mutual  penetration,  in  consequence  of  which  the  compound 
occupies  less  volume  than  its  constituent  parts.  Now  condcn- 
sation  is  always  accompanied  with  an  evolution  of  caloric,  as  is 
established  with  least  ambiguity  in  the  rise  of  temperature  pro- 
duced by  reducing  the  volume  of  an  elastic  fluid  by  mechanical 
pressure.  The  effect  must  undoubtedly  be  the  same,  when  the 
condensation  is  the  effect  of  chemical  action  ;  and  accordingly, 
the  connection  between  these  was  so  obvious,  that  it  could  not 
escape  observation.  It  was  remarked,  that  wheVe  two  fluids 
combine,  forming  a  compound  fluid,  there  is  an  increased  densi- 
ty ;  and  this  is  accompanied  with  a  rise  of  temperature. 

It  could  not  fail,  however,  to  be  also  remarked,  that  the  de- 
gree of  heat  produced  in  different  cases  of  chemical  action  is 
by  no  means  proportional  to  a  certain  degree  of  condensation, 
but  in  some  cases  is  much  greater,  as  measured  by  that  conden- 
sation, than  in  others  ;  and  the  opposite  change,  or  the  produc- 
tion of  cold,  although  it  is  always  connected  with  enbrgement 
of  volume,  is  likewise  not  found,  in  the  different  cases  in  which 
it  occurs,  to  be  proportional  to  that  enlargement. 

The  cause  by  which  these  are  modified,  so  that  the  propor- 
tions  are  not  observed,  is  the  transition  of  form  which  so  fre- 
quently accompanies  combination  ;  a  liquid,  in  consequence  of 
it,  becoming  solid,  or  an  air  becoming  liquid,  or  the  reverse 
of  these  changes  taking  place.  A  change  of  form  is  of  itself, 
and  independent  of  any  alteration  of  density,  invariably  accora- 
panied  with  an  evolution  or  absorption  of  caloric ;  the  absorp- 
tion taking  place  when  the  substance  becomes  liquid  or  gase- 
ous, and  the  evolution  when  it  passes  from  the  aeriform  to  the 
fluid,  or  from  the  fluid  to  the  solid  state. 

In  chemical  action,  therefore,  we  have  two  causes  producing 
change  of  temperature,  and  modifying  each  other, — condensa- 
tion, and  change  of  form  ;  the  effect  of  the  former  being  to 
produce  heat,  and  that  of  the  latter,  according  to  the  kind  of 
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:liange,  to  produce  either  heat  or  cold  :  the  one  therefore  will 
ometimes  counteract,  sometimes  concur  with  the  other. 
;  If,  for  example,  a  fluid  act  with  energy  on  a  solid,  condensa- 
ion  will  be  the  immediate  effect  of  the  combination,  and  so 
ar  \cill  be  productive  of  heat.  But  if,  at  the  same  time,  the 
solid,  in  consequence  of  that  action,  pass  into  the  liquid  form, 
br  be  dissolved,  the  effect  of  this  is  an  absorption  of  caloric,  or 
jroduction  of  cold.  As  the  latter  is  the  more  powerful  cause» 
;t  generally  prevails ;  and  in  solutions,  actual  cold  is  the  result. 
But  this  is  not  always  the  case.  In  some  energetic  combina- 
:iDns,  considerable  heat  even  is  produced,  although  a  solid 
passes  into  the  fluid  state  ;  as  in  the  solution  of  desiccated  po- 
tassa  or  soda  by  water ;  and  still  more  in  the  solution  of  these, 
as  well  as  of  some  of  the  earths  in  an  acid,  the  condensation 
from  the  combination  being  more  than  sufficient  to  counter- 
balance this  opposing  change  of  form. 

In  like  manner,  if  the  result  of  a  combination  be  the  evolu- 
tion of  a  substance  in  the  aerial  state,  this  change  of  form  will 
counteract  the  effect  from  the  condensation  otherwise  resulting 
from  the  combination,  and  lessen  the  quantify  of  heat  that 
would  have  been  evolved  ;  yet  still  the  condensation  from  the 
combination  may  be  sufficient  to  furnish,  not  only  the  caloric 
for  the  constitution  of  the  aerial  fluid,  but  to  render  a  portion 
isensible,  and  raise  the  temperature,  as  happens  in  the  action  of 
a  concentrated  acid  on  an  alkaline  carbonate,  where  the  acid  is 
condensed  with  perhaps  a  portion  of  water  by  the  alkali ;  or  in 
the  action  of  nitric  acid,  or  diluted  sulphuric  acid,  oh  a  metal, 

(where  the  oxygen  of  the  acid  or  water  passes  into  a  still  den- 
5er  state  of  combination  with  the  metal,  and  this  oxide  again 
passes  into  a  similar  state  with  the  acid. 

Or,  if  we  take  the  reverse  of  these  cases,  the  conclusions  are 
similar.  If  the  result  of  the  chemical  action  is  the  transition 
of  a  substance  from  the  aerial  to  the  liquid,  or  from  the  liquid 
to  the  solid  state,  this  transition  will  co-operate  with  the  in- 
crease of  density  which  attends  the  combination,  and  will  cause 
more  heat  to  be  evolved  than  that  increased  density  by  itself 
could  have  produced.    We  find  too,  that  heat,  more  or  less 
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considerable,  arises  from  the  combination  of  two  fluids ;  because 
even  although  the  combination  be  feeble,  there  is  always  some 
degree  of  condensation,  and  there  is  no  change  of  form  to  pn,. 
duce  an  opposite  effect  ;  and  where  the  condensation  is  consi- 
derable, as  in  the  combination  of  sulphuric  acid  or  of  alkohol 
wiih  water,  the  rise  of  temperature  is  very  observable. 

This  principle  may  equally  be  applied  to  explain  the  produc- 
tion of  cold.  This  happens  generally  in  the  solutions  of  solids 
in  fluids :  and  here  two  causes  operate  to  produce  change  of 
temperature.  The  body  dissolved  passes  to  the  fluid  form, 
and,  in  Conformity  to  a  general  law,  this  change  is  att'-nded 
■with  an  absorption  of  heat.  But  the  effect  of  its  combinadoH 
with  the  solvent  is  to  produce  condensation  by  which  heat  is 
evolved.  In  these  solutions,  however,  the  combination  is  com- 
paratively weak  :  the  condensation,  therefore,  is  not  consider- 
able, and  is  not  sufficient  to  counteract  the  absorption  of  heat 
from  the  liquefaction  of  the  solid.  Hence  the  solution  is  at- 
tended with  reduction  of  temperature. 

The  following  is  the  general  summary  of  this  theoiy  as  sta- 
ted by  BerthoUet  himself.  "  The  immediate  effect  of  all  com- 
bination is  an  elimination  of  caloric.  This  effect  may  be  dis- 
guised in  weak  combinations,  by  the  changes  of  bulk  occasion- 
ed by  the  passage  from  the  solid  to  the  liquid  state,  or  from 
the  liquid  to  that  of  elastic  fluid  ;  but  when  they  are  energetic, 
the  effect  of  combination  with  respect  to  caloric  always  over- 
comes that  of  the  accidental  dilatation  of  volume.  Still  there 
is  not  in  combinations  the  correspondence  between  the  changes 
of  dimensions  and  the  evolutions  of  caloric  which  is  observed 
in  insulated  substances.  Hence  it  would  be  an  error  to  esta- 
blish it  as  a  general  principle,  that  dilatation  is  .always  accom- 
panied with  reduction  of  temperature  ;  and  it  would  be  another 
to  pretend  that  condensation  constantly  produces  heat.  These 
effects  may  sometimes  balance  each  other,  or  the  excess  of  one 
above  the  other  may  produce  the  result 
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The  only  deficiency,  perhaps,  in  the  theory,  is,  that  the  dis- 
tinction is  not  clearly  stated  between  the  operation  of  the  two 
causes  of  density, — that  from  combination,  independent  of  change 
of  form,  and  that  from  the  change  of  form  itself,  which  is  the 
consequence  of  the  combination.  In  attending  to  this  subject, 
it  might  appear  at  first  view  that  these  are  similar,  or  must  ul- 
timately have  the  same  effect  with  regard  to  temperature ;  that 
there  is  no  necessity  for  attending  to  them  distinctly,  but  that 
we  have  only  to  examine  the  total  variation  of  density,  from 
whatever  cause  it  may  have  arisen,  and  endeavour  to  connect  it 
with  the  change  of  temperature  which  is  observed. 

For  example,  when  a  body  changes  its  form,  its  density  is  al- 
tered. In  passing  from  the  aerial  to  the  fluid,  or  from  the  fluid 
to  the  solid  state,  it  becomes  more  dense,  and  at  the  same  time 
part  of  the  caloric  it  contained  is  evolved.  If,  therefore,  a  sub- 
stance in  combining  with  another  becomes  solid,  why,  it  might 
be  asked,  should  the  theory  be  encumbered,  with  taking  the 
density  from  this  cause  into  distinct  consideration  ?  May  it  not 
be  connected  with  the  density  arising  from  the  combination,  in- 
dependent of  the  change  of  form,  and  thus  the  total  condensa- 
tion be  measured  and  regarded  as  the  cause  of  the  evolution  of 
caloric  ?  Or,  in  the  opposite  case,  where  in  a  solution  a  solid  is 
rendered  fluid,  this  fluidity  must  be  accompanied  with  a  dimi- 
nution of  density  :  the  combination  at  the  same  time  occasions 
a  greater  or  less  increase  of  density  ;  but  it  seems  an  unneces- 
sary subtilty  to  speculate  on  the  effect  of  each  :  it  appears  suf- 
ficient to  consider  the  actual  change,  or  the  degree  of  altera- 
tion in  density  which  has  resulted  from  the  one  of  these  circum- 
stances having  overbalanced  the  other. 

It  will  be  found,  however,  that  this  apparent  deficiency  in  the 
theory  of  Berthollet,  arises  merely  from  an  imperfect  statement 
he  has  given  of  it,  and  that  it  is  strictly  necessary  to  keep  in 
view  the  changes  of  form  which  may  occur  in  combinations,  in- 
dependent of  the  alterations  of  density  by  which  these  changes 
may  be  accompanied.  For  by  change  of  form  new  relations 
to  the  principle  or  cause  of  heat  are  acquired,  from  the  new  ar- 
rangements of  the  particles  which  are  produced ;  and  these  are 

Vol.  I.  P  p 


independent  of  the  alterations  in  density  which  may  happen  at 
the  same  time.  In  estimating,  therefore,  the  absorption. or  evo- 
lution of  heat  when  a  body  changes  its  form,  we  can  never  be 
guided  oy  the  difference  of  density  in  the  body  in  the  one  state 
compared  with  that  in  the  other,  for  these  are  never  proportion- 
al to  each  other.  Hence  appears  the  necessity,  in  giving  the 
theory  of  change  of  temperature  from  chemical  action,  of  con- 
sidering distinctly  the  two  circumstances  of  change  of  density 
from  the  combination,  and  change  of  form  from  it ;  and  it  is  by 
this  distinct  consideration  of  these  two  circumstances,  that  the 
preceding  view  is  able  to  explain  the  fact,  not  otherwise  ac- 
counted for,  the  connection  of  the  production  of  heat  in  che- 
mical "combination  with  increase  of  density,  and  of  the  produc- 
tion of  cold  with  diminution  of  density,  while  at  the  same  time 
they  are  not  proportional  to  each  other.  It  must  also  perhaps 
be  admitted  into  the  theory,  that  in  different  bodies  a  change 
of  density,  to  an  equal  extent,  will  be  productive  of  different 
degrees  of  heat  or  cold,  from  the  different  relations  they  have 
to  caloric  ;  and  although  it  is  so  far  satisfactory  to  trace  the  im- 
mediate causes,  the  phenomena  must  be  ultimately  referred  to 
the  changes  of  capacity,  as  ascertained  by  experiment. 

c.  (fi.  1Q  )  No  part  of  the  doctrines  which  Berthollet  has 
advanced  is  more  important  than  what  relates  to  the  influence 
of  external  circumstances  on  the  exertion  of  affinity.  They  are 
comprehended  under  the  general  proposition,  that  affinity  is  not 
an  uniform  force,  varying  merely  in  its  intensity,  as  exerted  by 
different  substances,  but  that  it  is  much  modified  by  several 
causes,  chiefly  by  Quantity  of  Matter,  Cohesion,  and  Elasticity. 

Of  these,  quantity  of  matter  is  undoubtedly  the  most  import- 
ant, since  it  influences  so  much  the  operation  of  the  others,  and 
the  doctrine  with  regard  to  it  affords  several  important  corollaries. 
The  following  are  a  few  of  the  facts  referred  to  in  the  text,  as 
those  by  which  the  truth  of  the  principle  Berthollet  has  advan- 
ced,  that  quantity  of  matter  within  the  sphere  of  action  adds  to 
the  force  of  the  affinity  which  that  matter  exerts,  is  established. 

«  I  have  kept,"  says  he,  «  an  equal  quantity  of  potash,  and 
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of  sulphate  of  baiytes,  in  a  small  quantity  of  boiling  water.  The 
potash  had  been  prepared  by  alkohol,and  contained  no  carbo- 
nic acid  :  the  same  served  for  the  following  experiments.  The 
operation  was  performed  in  a  retort,  and  consequently  in  com- 
munication with  the  air  ;  and  it  was  continued  until  the  mixture 
was  desiccated  :  the  residue  was  washed  with  alkohol,  which 
dissolved  the  potash,  and  after  that  with  water,  which  also  pro- 
duced an  alkaline  solution,  the  alkali  of  which  I  saturated  with 
acetic  acid  ;  after  which,  by  evaporation,  the  solution  yielded 
crystals,  possessing  all  the  characters  and  qualities  of  the  sul- 
phate of  potash.  Whence  it  appears,  that  the  sulphate  of  bary- 
tes  was  partially  decomposed  by  the  potash,  and  that  the  sul- 
phuric acid  was  divided  between  the  two  bases*." 

Now,  since  the  barytes  is  considered  as  having  a  stronger  at- 
traction to  sulphuric  acid  than  potassa,  and  since,  under  the 
same  circumstances,  pure  barytes  decomposes  with  facility  sul- 
phate of  potassa,  we  have  hare  an  example  of  a  superior,  being 
overcome  by  what  is  regarded  as  a  weaker,  affinity. 

"  Sulphate  of  potash,"  says  BerthoUet,  "  having  been  sub- 
mitted to  a  similar  experiment  with  an  equal  weight  of  lime, 
and  the  dried  residue  having  been  treated  with  alkohol,  an  al- 
kaline solution  was  produced  :  and  a  part  of  the  residue  dissol- 
ved in  water,  and  yielded  a  small  quantity  of  sulphate  of  lime 
along  with  the  sulphate  of  potash  f Here  the  conclusion  is 
similar,  for  sulphate  of  lime  is  decomposed  by  potassa,  yet  we 
find  that  sulphate  of  potassa  can  also  be  decomposed  by  lime. 
In  the  same  manner,  oxalate  of  lime  was  decomposed  by  potassa, 
phosphate  of  lime  by  potassa,  carbonate  of  lime  by  potassa,  and 
sulphate  of  potassa  by  soda.  In  all,  it  is  evident,  "  that  the 
bases  which  are  supposed  to  form  the  strongest  combinations 
with  the  acids,  may  be  separated  from  them  by  others,  whose 
affinities  are  supposed  to  be  weaker,  and  that  the  acid  divides 
itself  between  the  two  bases.  It  also  appears,  that  acids  may 
be  partially  separated  from  their  based  by  other  acids,  whose 
affinities  were  supposed  to  be  weaker  ;  in  which  case,  the  base 
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is  divided  between  the  two  acids  And  it  follows  from  these 
experiments,  «  that  when  a  substance  acts  on  a  combination, 
the  subject  of  combination  divides  itself  between  the  two  others, 
not  only  in  proportion  to  the  energy  of  their  respective  affini- 
ties,  but  also  in  proportion  to  their  quantities.  The  two  sub- 
stances which  act  on  the  combination  ought  to  be  considered 
as  antagonist  forces,  which  are  in  opposition  while  they  act  on, 
and  share  between  them  the  subject  of  the  combination  in  pro- 
portion to  the  intensity  of  their  action  ;  which  intensity  de- 
pends on  the  quantity  of  the  substance,  and  on  the  energy  of 
the  affinity  :  so  that  the  effect  increases  or  diminishes  according 
as  the  quantity  increases  or  diminishes  f This  is  the  correct 
expression  of  the  general  law. 

Some  facts  similar  to  those  which  have  now  been  quoted, 
were  even  formerly  known  to  chemists.  Nitrate  of  potassa,  for 
example,  is  decomposed  by  sulphuric  acid,  the  acid  combining 
with  the  potassa,  and  the  nitric  acid  being  expelled  ;■  yet  nitric 
acid  is  capable  of  again  decomposing  sulphate  of  potassa,  and 
reproducing  a  portion  of  nitrate  of  potassa.  In  the  same  man- 
ner, muriate  of  soda  is  decomposed  by  sulphuric  acid,  aiid  mu- 
riatic acid  expelled,  yet  sulphate  of  soda  is  again  decomposed 
by  muriatic  acid.  These  facts,  apparently  anomalous,  were  class- 
ed together  by  Bergman,  as  forming^  what  he  named  Recipro- 
cal Affinity,  and  an  ingenious  hypothetical  explanation  of  them 
given  approaching  to  tlie  truth,  and  which,  previous  to  the  re- 
searches of  BerthoUet,  was  generally  received. 

While  tlie  properties,  both  physical  and  chemical,  of  a  com- 
pound, were  regarded  as  in  a  great  measure  independent  of  its 
elements,  and  as  arising  from  the  peculiar  arrangement  which 
constitutes  its  integrant  particles,  it  was  supposed  that  this  com- 
pound might  have  an  attraction  to  an  additional  proportion  of 
one  of  its  ingredients,  precisely  as  it  might  have  to  any  other 
substance  ;  and  on  this  supposition  was  founded  Bergman's  ex- 
planation of  reciprocal  affinity ;  the  affinity  of  the  compound 
to  one  of  its  ingredients  concurring  with  the  affinity  exerted  by 
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any  substance  to  the  other  ingredient,  and  thus  causing  a  par- 
tial decomposition.  In  the  instance  quoted,  and  which  had  been 
best  observed,  the  sulphate  of  potassa  was  supposed  to  have  an 
attraction  to  an  additional  quantity  of  sulphuric  acid  ;  when 
acted  on  by  the  nitric  acid,  therefore,  two  conspiring  affinities 
operate, — the  affinity  of  the  salt  to  an  additional  proportion  of 
sulphuric  acid,  and  the  affinity  of  the  nitric  acid  to  its  base  ; 
and  by  these  two  it  is  supposed  the  decomposition  is  effected. 
The  decomposition  must  necessarily  be  partial,  since,  when  the 
sulphate  of  potassa  has  received,  in  the  progress  of  the  decom- 
position, the  quantity  of  sulphuric  acid  to  which  it  has  an  af- 
finity, there  remains  only  the  affinity  of  the  nitric  acid  to  the 
potassa,  which  of  itself  is  unable  to  prevail. 

Notwithstanding  the  ingenuity  of  this  explanation,  there  can 
be  Httle  doubt  but  that  this  case  of  reciprocal  affinity  is  merely 
an  example  of  the  participation  of  a  substance  between  other 
two  having  an  attraction  to  it.  Potassa  has  an  attraction  both 
to  sulphuric  acid  and  nitric  acid.  If  it  be  acted  on  by  both, 
they  will  divide  it  in  the  ratio  of  their  quantities,  and  the  inten- 
sities of  their  affinities.  The  intensity  of  the  affinity  of  the 
sulpiiuric  acid,  aided  at  least  by  the  force  of  cohesion,  is  supe- 
rior ;  but  that  of  the  nitric  acid,  when  it  is  present  in  consider- 
able quantity,  is  still  able  to  abstract  a  sensible  portion  of  the 
potassa,  and  hence  arise  ^he  results.  The  effect  of  this  last  af- 
finity can  only  be  counteracted  by  adding  a  large  quantity  of 
sulphuric  acid,  and  by  favouring  the  elasticity  of  the  nitric  acid 
by  the  application  of  heaj;.  We  may  then  render  the  decomr 
position  of  the  nitrate  of  potassa  nearly  complete. 

Instead,  however,  of  considering  the  subject  under  this  point 
of  view,  it  has  been  conceived  that  the  doctrine  of  reciprocal 
affinity,  as  stated  by  Bergman,  may  be  applied  to  the  explana-: 
tion  of  those  experiments,  from  which  BerthoUet  has  deduced 
the  general  principle,  that  quantity  influences  the  force  of  affi- 
nity. Thus,  to  take  as  an  example  the  first  experiment  which 
he  has  brought  forward,  that  in  which  sulphate  of  barytes  is  de- 
composed by  potassa,  instead  of  ascribing  it  merely  to  the  affi- 
nity of  the  potassa,  aided  by  its  quantity,  it  might,  in  conformi- 
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ty  to  Bergman's  hypothesis,  be  explained  on  the  supposition, 
that  sulphate  of  barytes  has  an  attraction  to  an  excess  of  base. 
When  that  compound,  therefore,  is  exposed  to  the  action  of 
potassa,  there  are,  according  to  this  hypothesis,  two  forces  con- 
curring to  its  decomposition  :  first,  the  affinity  of  the  potassa 
to  its  acid  ;  and,  secondly,  its  own  affinity  to  barytes.  From  the 
operation  of  these  forces,  a  part  of  the  sulphate  of  barytes  may 
be  subverted  in  composition,  its  acid  transferred  to  the  potassa, 
its  barytes  to  the  remaining  portion,  which  of  course  escapes 
decomposition,  and  a  similar  explanation  may  be  given  of  the 
other  experiments. 

It  might  be  observed,  too,  with  regard  to  these  experiments, 
that  the  phenomena  which  ought  to  be  produced,  according  to 
Bergman's  view,  are  precisely  those  which  ought  also  to  be  ob- 
served in  conformity  to  that  of  BerthoUet.  Thus,  according 
to  Bergman,  the  decomposition  must  always  be  partial ;  for,  as 
it  is  partly  owing  to  the  affinity  which  the  compound  exerts  to 
onp  of  its  ingredients,  it  must  cease  when  that  affinity  is  satis- 
fled,  and  cannot  proceed  until  the  whole  of  the  compound  is 
destroyed.  Hence  also  none  of  the  ingredients  of  that  com- 
pound can  be  separated  in  a  pure  state.  But,  according  to  Ber- 
thoUet's  view  of  the  subject,  the  decomposition  ought  equally 
to  be  partial  ;  for,  in  proportion  as  it  proceeds,  or  as  a  portion 
of  one  of  the  principles  of  a  compound  is  abstracted,  the  re- 
maining portion  must  be  held  by  a  stronger  force,  the  affinity 
of  the  other  ingredient  to  it  being  augmented  by  the  increase 
in  the  relative  quantity  of  that  ingredient.  The  more  sulphu- 
ric acid  is  attracted  by  potassa  from  the  barytes  in  sulphate  of 
barytes,  the  more  powerful  ought  the  affinity  of  the  barytes  to 
the  remaining  acid  to  become,  from  the  increase  in  its  relative 
quantity  ;  and  it  is  difficult  to  conceive,  that  where  the  affinities 
are  so  nearly  of  the  same  force,  and  at  the  same  time  so  energetic, 
potassa  in  any  quantity  whatever  should  be  capable  of  abstracting 
"  the  acid  entirely  from  the  base,  or  that,  in  an  experiment  of  this 
kind,  barytes  should  be  obtained  pure.  The  effect  of  cohesion 
in  some  cases  indeed  intervenes,  and  evolves  the  principle  of  a 
compound  pure  and  isolated  j  but  this  can  have  no  effect  in  the 
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present  case,  as  the  sulphate  of  barytcs  has  more  cohesion  or 
less  solubility  than  the  barytes  in  its  pure  state. 

Yet,  though  Bergman's  explanation  may  thus  be  applied,  it 
must  be  admitted  to  be  less  simple  and  direct  than  that  given 
by  Berthollet,  and  that,  as  extended  to  the  preceding  facts,  it 
is  altogether  gratuitous.  In  the  particuliar  cases  to  which  Berg- 
man himself  applied  it,  the  decomposition  of  sulphate  of  potassa 
by  nitric  acid,  or  of  sulphate  of  soda  by  muriatic  acid,  there 
were  some  groiinds  for  the  conclusion,  that  these  salts  were  ca- 
pable of  exerting  affinities  to  an  excess  of  the  acid  they  contain. 
But  we  have  no  similar  proofs,  in  the  preceding  experiments, 
of  an  affinity  of  sulphate  of  barytes  to  baryteS,  or  carbonate  of 
lime  to  lime  ;  or  that  such  affinities,  if  they  do  exist,  are  suffi- 
ciently powerful  to  produce  the  effect.  The  hypothesis  has  no 
advantage  over  the  other ;  and  it  is  merely  a  hmited  and  hypo- 
thetical view  of  phenomena,  which  are  referable  to  a  more  ge- 
neral principle. 

Indeed,  if  examined  closely  with  the  admission,  which,  from 
the  state  of  the  fact,  necessarily  must  be  made,  that  these  affi- 
nities of  a  compound  to  an  excess  of  either  of  its  ingredients 
are  not  limited  to  a  certain  fixed  proportion,  as  Bergman  sup- 
posed, but  are  indefinite,  at  least  to  a  certain  quantity,  it  will 
be  found  perhaps  ultimately  not  to  differ  essentially  from  the 
more  simple  statement,  that  the  force  of  affinity  is  modified  by 
quantity  of  matter,  or  in  any  combination  differs  in  its  strength, 
in  different  proportions. 

Besides,  there  are  a  number  of  chemical  phenomena  to  which 
the  hypothesis  of  Bergman  cannot  be  applied,  but  which  ac- 
cord with  the  principle  established  by  Berthollet,  and  must  in- 
,  deed  be  considered  as  proofs  of  its  truth. 

Thus,  no  fact  must  have  been  more  frequently  observed  by 
the  practical  chemist,  than  that  in  adding  water  to  a  number  of 
metallic  salts,  to  those  of  mercury  or  antimony  for  example,  a 
transparent  solution  might  be  obtained,  which,  if  more  water 
were  added,  became  turbid  from  decomposition.  It  never  sug- 
gested, however,  the  just  conclusion,  and  was  indeed  scarcely 
taken  notice  of<  Yet  what  proof  can  be  given  more  simple  and 
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decisive  of  the  truth,  that  quantity  influences  the  force  of  alE- 
nity  ?  or  on  what  other  principle  can  the  phenomenon  be  ex- 
plained ?  It  deserves  too,  to  be  remarked,  that  in  such  decom- 
positions there  is  no  limitation  in  the  progress  of  the  decompo- 
sition ;  no  successive  formation  of  two  or  more  determinate 
compounds.    The  addition  of  a  small  portion  of  water  has  no 
decomposing  effect ;  if  a  httle  more  be  added,  the  transparency 
will  still  remain  ;  with  a  farther  addition,  it  will  begin  to  be  im- 
paired ;  by  continuing  the  addition,  the  raetaUic  oxide  is  de- 
prived of  more  and  more  of  its  acid,  becomes  more  insoluble, 
and  renders  therefore  the  liquor  more  turbid ;  and  by  the  affu- 
sion of  a  sufficient  quantity  of  water,  the  whole  of  the  acid  near- 
ly may  be  carried  off.    Of  course,  the  decomposition  cannot  be 
referred  to  the  metallic  salt  having  an  attraction  to  an  excess  of 
■    oxide;  for  granting  such  an  affinity,  it  ought  soon  to  be  satis- 
fied, and  not  require  the  addition  of  so  large  a  quantity  of  wa- 
ter, if  that  water  did  not,  by  its  quantity,  influence  the  affinity ; 
and  it  may,  besides,  be  continued,  until  the  substance  consists 
of  almost  nothing  but  oxide  :  it  must  therefore  be  admitted  as 
a  proof  that  quantity  adds  to  the  force  of  affinity. 

The  whole  class  of  facts  too,  (stated  in  the  text,  p.  Ti.), 
which  gave  rise  to  the  statement  of  the  partial  and  empirical 
law,  that  attraction  is  in  the  inverse  ratio  of  saturation,  afford 
proof  of  the  justness  of  the  principle  equally  conclusive,  as  do 
those  numerous  facts,  which  prove,  that  precipitates  from  che- 
mical action  are  scarcely  ever  pure,  but  retain  a  portion  of  the 
substance  with  which  they  were  combined.  And,  from  con- 
sidering the  whole  of  these  phenomena,  we  find  them  connect- 
ed and  accounted  for  on  the  principle,  which,  from  the  very 
nature  of  affinity,  cannot  be  regarded  a  priori  as  improbable, 
that  the  affinity  exerted  by  a  body  to  another  is  increased  by 
the  quantity  of  it  brought  within  the  sphere  of  action. 

No  law  with  regard  to  chemical  affinity  is  more  important 
than  that  now  illustrated,  not  only  from  its  direct  influence,  but 
as  modifying  the  operation  of  the  other  circumstances  by  which 
chemical  action  is  influenced. 

Cohesion  is  the  second  principal  circumstance  pointed  on'. 
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by  Berthollet  as  influencing  chemical  action.    The  relation  of 
this  power  to  chemical  attraction  could  not  escape  the  notice 
of  chemists,  but  their  views  with  regard  to  it  were  limited.  - 
They  observed,  that  when  it  was  exerted  with  much  force,  it 
prevented  the  solution  of  bodies,  which,  if  it  were  overcome, 
could  be  dissolved  with  comparative  ease  ;  but  they  considered 
it  in  general  as  acting  only  in  these  extreme  cases :  they  did 
not  observe  the  gradations  in  its  action,  as  an  antagonist  to  che- 
mical attraction,  nor  its  more  important  effects  in  placing  limits 
to  combination,  or  determining  it  in  fixed  proportions.  These 
are  the  points  of  view  under  which  it  has  been  regarded  by 
Berthollet.     In  the  theory  of  its  influence  which  he  has  given, 
are  included  some  established  doctrines  ;  but  these  were  not 
before  so  distinctly  expressed  ;  they  were  not  combined  ;  and 
there  is  considerable  novelty  in  some  parts  of  it,  particularly  in 
shewing  that  the  phenomena  which  used  to  be  referred  to  par- 
ticular powers  of  adhesion  or  physical  affinity,  probably  arise 
from  chemical  attraction,  balanced  by  the  power  of  cohesion  ; 
in  illustrating  the  cause  of  the  limits  to  solution  from  the  de- 
creasing ratio  with  which  the  force  of  affinity  is  exerted,  while 
the  cohesion  remains  uniform  ;  in  observing  the  influence  of 
cohesion  in  liquids,  in  which  it  was  always  regarded  as  too  in- 
considerable to  have  any  effect  on  combination;  and  in  explain- 
ing its  agency,  in  determining  combinations  in  fixed  proportions. 

In  the  first  place,  from  considering  cohesion  and  chemical 
attraction  as  antagonist  powers,  and  comparing  the  effects  which 
arise  from  them  when  they  are  exerted  in  different  degrees  of 
intensity,  Berthollet  traces  a  variety  of  shades  of  combination 
more  or  less  intimate,  and,  in  consequence  of  this  view,  refers 
to  one  principle  those  varieties  of  action,  which  have  been  con- 
sidered as  produced  by  peculiar  forces,  named  variously.  At- 
traction of  Adhesion,  Capillary  Attraction,  Physical  Affinity, 
and  Hygromctric  Affinity.  These  he  regards  as  mere  varieties 
of  chemical  attraction,  balanced  more  or  less  by  cohesion.  "  The 
disiinction  attempted  to  be  established  by  some  philosophers 
between  chemical  affinity  and  physical  adhesion  is  without  foun- 
dation ;  for  the  effects  which  they  attribute  to  the  Utter,  de- 
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pcnd  on  tlie  same  cause  as  those  which  arc  owing  to  affinity, 
and  are  only  different  in  the  energy  of  the  reciprocal  action 
compared  with  the  resistance  opposed  to  it*." 

Thus,  if  in  a  soHd  substance,  the  cohesion  exceed  the  affini- 
ty exerted  to  it  by  any  hquid,  the  solid  will  remain  unaltered 
as  to  its  form  or  properties,  but  may  still  present  some  shades 
of  union  with  the  liquid.  The  affinity  may  indeed  be  so  weak, 
or  the  cohesion  so  strong,  that  the  fluid  will  even  not  adhere 
to  the  surface  of  the  solid,  as  in  the  example  of  a  drop  of  wa- 
ter applied  to  a  pohshed  metal ;  but  in  other  cases  this  adhesion 
takes  place,  and  extends  along  the  surface,  contrary  even  to  the 
specific  gravity  of  the  fluid,  especially  where  that  surface  is 
great,  proportioned  to  the  quantity  of  liquid,  as  in  tubes  of  nar- 
row diameter,  producing  the  phenomena  which  have  been  refer- 
red to  what  has  been  termed  Capillary  Attraction.  From  a 
still  stronger  affinity,  the  liquid  may  be  imbibed  by  the  solid, 
without  however  the  force  being  sufficiently  energetic  to  sepa- 
rate the  particles  from  their  state  of  cohesion.  This  happens 
in  hygrometrical  phenomena,  which  were  ascribed  to  this  cause 
by  Saussure.  If  it  be  a  little  more  powerful,  or  the  cohesion 
less  strong,  the  latter  power  may  be  so  far  weakened  by  the  af- 
finity of  the  liquid  imbibed,  that  the  solid  is  reduced  to  pow- 
der, as  is  exempHfied  in  the  slacking  of  lime  by  water.  Some- 
times, though  not  sufficiently  powerful  to  reduce  the  solid  to  its 
ultimate  particles,  it  is  sufficiently  sb  to  hold  small  masses  of  it 
suspended  for  a  considerable  time,  notwithstanding  the  differ- 
ence of  specific  gravity,  as  is  observed  in  various  precipitates. 
And,  lastly,  if  the  affinity  is  still  more  powerful,  and  the  quan- 
tity of  fluid  sufficiently  large,  the  cohesion  is  altogether  over- 
come, and  the  particles  of  the  solid  are  dissolved  by  the  liquid. 

In  this  case  a  new  series  of  phenomena  commences,  in  which 
we  perceive  the  relation  of  cohesion  to  the  former  modifying 
circumstance,  quantity  of  matter.  Chemical  action  is  exerted, 
not  only  in  the  ratio  of  the  attraction  of  one  body  to  another, 
but  likewise  in  the  ratio  of  their  quantity  ;  and  hence  in  solution 
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the  power  exerted  by  the  liquid,  or,  to  speak  more  correctly, 
the  reciprocal  tendency  to  combination  in  the  solid  and  liquid 
diminishes,  as  the  solution  proceeds.  The  affinity  may  at  first 
have  been  sufficiently  strong  to  overcome  the  cohesion  of  the 
solid ;  but  the  action  of  the  liquid,  in  consequence  of  the  law 
with  regard  to  quantity  of  matter,  becoming  weaker  as  it  ap- 
proaches to  saturation,  it  may,  after  a  certain  period,  be  so  far 
reduced  in  force,  as  to  be  unable  to  produce  this  effect,  when 
of  course  the  combination  must  cease. 

We  have  thus  a  clear  view  of  the  nature  of  solution,  and  of 
the  causes  which  limit  it.  Formerly  the  fact  was  merely  stated 
as  an  ultimate  one,  that  a  fluid  dissolves  certain  quantities  of 
solids,  without  the  cause  of  these  limits  to  it  being  distinctly 
pointed  out.  This  is  done  in  the  view  now  taken  of  the  rela- 
tion between  cohesion  and  chemical  affinity.  When  a  fluid  is 
poured  on  a  solid,  suppose  water  on  a  salt,  it  first  overcomes 
the  cohesion  of  the  solid  by  the  attraction  it  exerts  to  its  par- 
ticles ;  hence  these  particles  are  detached  and  combined  with 
the  fluid,  or  the  solid  is  dissolved.  But  when  the  cohesion  of 
the  solid  can  thus  be  overcome  by  the  affinity  of  the  fluid,  why 
should  the  solution  not  proceed  until  every  internaediate  consis- 
tence between  solidity  and  fluidity  is  attained  ?  The  reason  is, 
that  the  attraction  of  the  fluid,  in  conformity  to  the  law  which 
arises  from  the  effect  of  quantity,  diminishes  as  it  approaches  to 
saturation.  It,  therefore,  in  the  progress  of  the  solution,  arrives 
at  an  equiUbrium  with  the  power  of  cohesion  in  the  solid,  and 
then,  it  is  obvious,  the  solution  must  cease.  Hence  also  the 
quantity  of  matter  dissolved  is  increased,  by  raising  the  tempera, 
ture,  as  this  diminishes  the  force  of  cohesion. 

Lastly,  a  peculiarity  in  Bcrthollet's  view  of  the  effect  of  co- 
hesion  is,  that  it  is  regarded  as  influencing  the  progress  of  com- 
bination, insulating  substances,  at  certain  stages  of  it,  by  sepa- 
rating them  from  the  sphere  of  action,  and  thus  in  a  great 
measure  determining  the  proportions  in  which  they  combine. 
Thus,  from  the  influence  of  cohesion,  a  salt  may  crystallize  in  a 
neutral  state,  from  a  liquid  in  wliich  there  is  an  excess  either  of 
acid  or  alkali,  the  cohesive  attraction  being  exerted  with  great- 
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est  force  at  tlic  point  of  neutralization,  where  there  is  the  great- 
est  condensation,  and  being  sufficiently  powerful  to  overcome 
the  affinity  of  the  remaining  acid  or  alkali,  at  least  if  the  excess 
is  not  considerable.  In  the  sanne  manner  a  combination  may 
be  insulated  at  the  point  of  neutralization,  if  the  compound 
formed  at  that  point  have  much  tendency  to  cohesion,  and  a 
precipitate  of  the  compound  in  that  state  be  thrown  down, 
though  there  may  be  still  present  an  excess  of  either  of  its  in- 
gredients.  This  belongs,  however,  rather  to  the  consideration 
of  the  causes  of  the  limits  to  chemical  combination. 

.  The  effect  of  Insolubility  is  precisely  similar,  and  indeed 
insolubility  is  to  be  regarded  merely  as  the  result  of  cohesion, 
in  relation  to  the  liquid  in  which  its  effect  appears.  Accord- 
ingly, if  in  a  chemical  decomposition,  the  substance  evolved  by 
the  decomposing  substance  be  insoluble,  being  immediately 
withdrawn,  the  decomposition  proceeds  with  rapidity,  and  may 
be  complete,  as  in  the  decomposition  of  muriate  of  lime  by 
potassa.  But  if,  on  the  other  hand,  the  substance  eliminated 
be  soluble,  as  it  remains  within  the  sphere  of  action,  it  continues 
to  oppose  the  action  of  the  decomposing  agent,  and  the  sub- 
stance to  which  each  has  an  attraction  is  soon  participated  be- 
tween them,  in  proportion  to  their  affinities  and  quantities.  It 
is  thus  that  in  the  action  of  lime  on  sulphate  of  potassa,  the 
decomposition  of  the  latter  must  soon  cease  ;  for,  the  potassa, 
when  separated  from  the  acid,  remains  in  solution,  and  opposes 
the  farther  action  of  the  lime,  the  affinity  of  which  is  diminish- 
ing, and  which,  in  the  present  case,  is  also  counteracted  by  the 
cohesion  acquired. 

Elasticity.  ,The  influence  of  elasticity  on  chemical  action 
scarcely  requires  any  other  observations  than  what  are  stated  in 
the  text.  It  is  obvious,  that  as  it  places  the  particles  of  mat- 
ter at  considerable  distances,  it  must  prove  an  antagonist  to  che- 
mical attraction,  the  operation  of  which  extends  only  to  dis- 
tances that  are  inconsiderable,  and  that  hence  it  must  oppose  the 
combination  of  substances  possessing  it,  and  hkewise  faciUtate 
the  decomposition  of  a  compound,  one  or  both  of  the  ingredi- 
ents ©f  which  have  a  disposition  to  tgke  the  clastic  state. 
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But  there  is  a  theoretical  question  connected  with  it  of  some 
interest,  especially  as  the  facts  to  which  it  refers  appear  anoma- 
lous, and  even  contrary  to  what  these  views  of  the  operation  of 
elasticity  would  lead  us  to  expect :  it  is  what  relates  to  the  ef- 
fect of  a  high  temperature  in  promoting  the  combination  of  sub- 
stances possessed  of  elasticity.  Two  elastic  fluids  or  airs,  ha- 
vingeven  strong  mutual  affinities,  may  be  mingled  together  with- 
out their  particles  entering  into  combination,  owing  to  the  re- 
pulsion between  the  particles  of  each,  so  that  they  are  placed 
beyond  the  sphere  of  chemical  attraction.  But  on  applying  to 
,the  rhixture  a  temperature  equal  to  ignition,  as  by  introducing  an 
ignited  spark,  or  an  electric  discharge,  the  particles  in  some  cases 
through  the  whole  mixture  are  instantly  united,  their  caloric  e- 
volved,  and  an  intimate  combination  formed,  the  result  of  which 
is  frequently  a  substance  which  does  not  remain  in  the  elastic 
3tate  ;  in  other  cases,  a  stream  of  sparks  requires  to  be  kept  up; 
yet  in  these  also  the  combination,  though  proceeding  more  slow- 
ly, is  still  complete.  Yet,  in  conformity  to  the  cause  that  has 
been  assigned  for  their  not  combining,  it  apparently  follows, 
that  the  application  of  a  high  temperature,  by  increasing  the 
elasticity,  and  augmenting  the  distances  between  the  particles, 
must  counteract  instead  of  facilitating  the  combination.  And 
since  the  fact  is,  that  it  does  facilitate  it,  how  is  this  to  be  re- 
conciled with  the  theory  ? 

I  shall  transcribe  the  explanation  which  I  gave  of  this  singu- 
lar  circumstance  in  my  former  Treatise  on  Chemistry  :  "  When 
a  spark  is  introduced  into  the  mixture  of  two  gases  having  an 
attraction  to  each  other,  the  point  on  which  it  falls  is  immedi- 
ately heated  to  an  intense  degree  ;  whence  an  expansion,  pro- 
ceeding from  that  point  as  from  a  centre,  is  produced ;  and  this 
expansion,  by  the  pressure  it  must  occasion  on  the  surrounding 
particles,  will  cause  them  to  approximate,  and  thus  to  unite. 
The  whole  effect  is  instantaneous,  and  it  is  upon  the  sudden 
operation  that  it  depends.  Were  the  caloric  to  be  slowly  intro- 
duced, the  expansion  would  be  slowly  extended  over  the  whole 
mass,  and  would  be  equal  throughout ;  the  particles,  therefore, 
would  be  still  farther  separati?d.    But  a  single  pgint  being 


merely  heatc(i  to  a  lilgli  degree,  while  the  surrounding  particles 
remain  at  their  usual  temperature,  the  expansion  from  the  for. 
mer  must  suddenly  press  upon  the  latter,  much  more  quickly 
ilian  the  temperature  can  be  communicated.  These,  therefore, 
instantly  approximate  within  the  verge  of  chemical  attraction, 
and  thus  the  union  must  be  effected.  After  it  has  taken  place, 
more  caloric  is  rapidly,  but  successively,  extricated  by  the  com- 
bination itself,  which  will  of  course  produce  a  similar  effect  on 
the  remaining  mass,  till  the  combination  is  completed.  There 
are  some  gases,  however,  from  the  union  of  which  so  httle  ca- 
loric is  extricated,  that  the  introduction  of  a  single  spark  is  in- 
sufficient, and  therefore  a  stream  of  sparks  must  be  kept  up  *." 

Precisely  the  same  explanation  has  been  given  by  Berthollet 
in  his  late  reseai'ches.  "  Compression,  by  causing  the  moleculae 
of  two  gases  to  approximate,  augments  their  reciprocal  action  ; 
it  may  be  carried  to  a  point  at  which  it  causes  combination  : 
now  that  part  of  a  gas  which  first  receives  the  heat  experiences 
a  dilatation  which  is  greater  in  proportion  as  the  heat  is  more 
intense  ;  it  compresses,  with  a  strong  effort,  those  parts  of  the 
gas  which  have  not  yet  received  the  same  degree  of  tempera- 
ture ;  by  that  means  it  determines  them  to  combine  ;  but  the 
caloric  which  abandons  this  combination,  and  which  raises  it  to 
a  much  higher  temperature,  produces,  by  the  tension  which  is 
the  consequence,  a  much  stronger  re-action,  so  that  the  part 
which  at  first  only  dilated,  is  itself  compelled  to  enter  into  the 
combination.  The  caloric  therefore  only  causes,  by  the  dilata- 
tion of  one  part  of  the  gas,  a  compression  on  that  which  is  less 
heated,  but  the  total  of  the  effect  is  owing  to  the  sudden  ap- 
proximation of  the  moleculae  produced  by  the  combination  f ." 

This  explanation  is  much  confirmed  by  the  interesting  expe- 
riment made  by  Biot,  that  of  producing,  by  mechanical  com- 
pression suddenly  applied,  the  combination  of  two  aerial  bodies, 
which  at  moderate  temperatures  do  not  otherwise  combine,  the 
combination  being  accompanied  with  phenomena  precisely  si- 


*  Elements  of  Chemistry,  p.  9G. 
f  Chemical  Statics,  vol.  i  p.  222. 
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milar  to  those  which  appear  when  they  are  united  by  an  igni- 
ted spark  ;  the  mixture  of  oxygen  and  hydrogen  being  combi- 
ned by  the  strong  and  sudden  compression  appUed  in  an  air- 
gun,  with  a  violent  explosion  and  flash  of  light  *.  Mr  North- 
more  has  also  shewn,  what  is  conformable  to  the  same  view,  that 
oxygen  and  nitrogen  can  be  combined  by  compresssion,  and  that 
other  elastic  fluids,  by  the  same  cause,  exert  reciprocal  actions, 
which  under  a  common  atmospheric  pressure  and  temperature 
are  not  observed  f . 

An  important  corollary  flow3  from  the  consideration  of  the 
influence  of  the  preceding  circumstances  on  the  exertion  of  che- 
mical attraction, — .that  it  cannot  be  affirmed,  in  any  case,  that 
bodies  have  no  attraction  to  each  other.  There  are  examples 
of  substances  which  we  cannot  combine  together,  as  oil  and  wa- 
ter, water  and  quicksilver,  potassa  and  oxygen,  &c. ;  and  from 
such  facts,  which  are  numerous,  it  was  regarded  as  a  law,  that 
between  some  bodies  no  chemical^ttraction  exists.  The  falla- 
cy of  this  conclusion  must  be  obvious,  and  the  principle  may  be 
admitted  as  a  firlort  extremely  probable,  that  all  bodies  exert 
mutual  attractions  between  their  particles. 

That  the  circumstance  of  bodies  not  being  capable  of  being 
brought  into  combination  is  no  proof  of  the  entire  absence  of 
any  mutual  affinity,  is  obvious  from  the  consideration,  that 
combination  is  in  no  case  the  simple  result  of  the  exertion  of 
attraction,  but  of  attraction  prevailing  over  cohesion,  elasti- 
city, or  difference  of  specific  gravity  ;  and  therefore  the  cir- 
cumstance, that  combination  cannot  be  effected  between  bodies, 
may  arise  as  much  from  the  predominance  of  these  forces,  as 
from  the  entire  absence  of  reciprocal  attraction.  If  we  pour 
alkohol  on  sea-salt,  no  sensible  portion  of  the  salt  is  dissolved  ; 
but  it  is  obvious  that  this  may  arise  from  the  affinity  which  the 
alkohol  does  exert  to  the  salt,  not  being  sufficiently  strong  to 
overcome  its  cohesion  and  specific  gravity  ;  and  we  cannot, 
employ  a  high  temperature  to  lessen  these  opposing  qualities 

*  Annales  de  Chimie,  torn.  liii.  .p.  321. 
t  Nicholson's  Journal,  vol.  xii.  p. '212.    Ibid.  p.  368. 
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with  effect,  because  the  alkohol  is  so  expansible  a  fluid,  and  so 
much  disposed  to  volatility,  that  we  would  lose  as  much  in 
force"  on  the  one  hand,  as  would  be  gained  on  the  other.  A 
similar  explanation  applies  even  where  two  liquids  cannot  be 
combined  together  ;  for  although  in  bodies  in  this  state  cohe- 
sion is  much  weakened,  it  still  exists,  and  may  be  sufficient  to 
counteract  a  weak  affinity.  We  observe  it  in  some  cases  to 
place  limits  to  combination,  as  in  the  example  of  sulphuric 
ether  and  water,  the  latter  being  capable  of  combining  witli 
about  one-tenth  only  of  the  former ;  and  it  may  in  other  cases, 
where  the  affinity  is  still  weaker,  as  is  probably  the  case  in  the 
example  of  oil  and  water,  be  able,  together  with  the  difference 
of  specific  gravity,  to  resist  attraction  effectually,  and  prevent 
any  combination.  In  the  case  of  a  solid  and  aeriform  sub- 
stance, as  in  the  example  given  of  potassa  and  oxygen  gas,  the 
obstacles  to  combination  are  still  more  powerful,  being  the  co- 
hesion of  the  one,  and  the  elasticity  of  the  other,  and  the  cir- 
cumstance which  will  diminisli  the  former,  that  is,  a  high  tem- 
perature will  augment  the  latter.  Hence  we  may  expect  in 
this  kind  of  relation  still  more  examples  of  substances  refusing 
to  combine,  but  evidently  without  the  conclusion  following, 
that  these  substances  have  no  mutual  attraction.  Lastly,  in 
elastic  fluids,  the  elasticity  may  frequently  counteract  sufficient- 
ly a  weak  affinity,  even  under  the  circumstances  by  which  their 
mutual  action  is  promoted. 

If  this  reasoning  required  any  illustration,  it  might  easily  re- 
ceive it,  from  taking  a  few  examples  of  substances  which  are 
combined  with  much  difficulty,  and  supposing  either  their  affi- 
nity to  have  been  a  little  weaker  than  it  is,  or  the  counteract- 
ing circumstances  somewhat  more  powerful.  Thus  gold  is 
combined  with  difficulty  with  oxygen,  and  only  in  indirect 
modes.  It  is  obvious,  that  if  the  affinity  between  them  had 
been  a  little  weaker,  or  the  cohesion  of  the  gold  somewhat 
greater- than  it  is,  even  these  indirect  modes  would  have  failed; 
and  in  this  case  the  erroneous  conclusion  might  have  beeu 
drawn,  that  these  substances  had  no  mutual  affinity  whatever. 

It  is  difficult  to  conceive  of  attraction  otherwise  than  as  a 
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force  possessed  by  every  particle  of  matter,  and  exerted  to  every 
other  ;  and  the  theory  is  evidently  superior,  which  supposes  its 
attraction  to  be  prevented  from  being  efficacious,  by  the  inter- 
ference of  extraneous  forces,  to  that  which  supposes,  that  be- 
tween certain  substances  it  is  wanting,  especially  since  in  all 
cases  the  action  of  such  forces  can  be  demonstrated,  at  least  to  a 
certain  extent,  which  may  be  sufficient  to  account  for  the  effects. 

We  shall  find  too,  in  the  next  note,  sufficient  reason  to  believe, 
that  the  mutual  affinities  of  compounds  are  the  modified  affini- 
ties of  their  constituent  principles,  though  in  many  cases  such 
affinities  in  the  elements  are  not  observed  to  be  exerted,  from 
the  opposing  circumstances  which  the  combination  removes  be- 
ing sufficient  to  counteract  them. 

D.  (fi.  98.  j  The  opinion  appears  to  have  been  generally  re- 
ceived by  chemists,  that  the  attractions  exerted  by  a  compound 
belong  to  its  integrant  parts,  and  are  not  derived  from  the  affi- 
nities of  its  constituent  principles,  farther  than  that  the  combi- 
nation itself,  which  gives  rise  to  the  compound,  is  derived  from 
the  exertion  of  these  ;  and  when  they  were  not  SWar^  of  the 
great  influence  of  external  circumstances  in  modifying  affinities, 
this  must  have  appeared  most  probable.  The  attractions  of  a 
compound  are  totally  dissimilar  to  those  of  its  principles,  is  in 
the  example  of  water  and  its  two  elements.  Jt  combines  with 
substances  to  which  they  appear  to  have  no  attraction,  and  it 
refuses  to  unite  with  others  with  which  they  form  intimate  corh- 
binations.  The  difference  between  the  affinities  of  a  compound 
and  its  elements,  is  indeed  so  general,  and  often  so  complete, 
that  it  must  have  been  difficult  to  conceive  how  it  could  arise 
from  any  modification  of  the  elementary  affinities.  Hence  the 
notion  was  adopted,  that  when  two  substances  combine  toge- 
ther, the  attractions  of  the  compound  they  form  are  exerted, 
not  from  its  ultimate  elements,  but  from  its  integrant  particle's, 
are  pecuhar  to  them,  and  arise  rather  from  their  configuration 
than  from  any  modification  of  their  elementary  parts  ;  that  when 
water  exerts  attractions,  these  are  from  the  particles  of  the  water 
as  such,  and  not  from  the  ingredients  of  which  it  is  cortiposed. 

Vol.  I.  Qq 
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Vv'^e  may  perceive  the  extensive  applications  which  may  b? 
made  of  the  speculations  of  BerthoUet  on  chemical  affinity,  when 
we  find  that  the  opposite  view  may  be  maintained  with  perhaps 
more  probability, — that  the  attractions  of  compounds  arc  mere- 
ly  the  modified  attractions  of  their  constituent  principles.  This 
is  the  view  which  he  has  given  ;  and  to  distinguish  such  affini- 
ties, he  has  named  them  Resulting,  as  discriminating  between 
them  and  the  elementary  af&nities,  which  the  compound  may 
likewise  exert.  As  chemical  attraction  is  reciprocal,  when  a 
simple  substance  exerts  an  afRnity  to  the  entire  compound,  this 
also  belongs  to  the  class  of  resulting  affinities,  or  it  is  composed 
of  the  affinities  it  exerts  to  the  constituent  principles  of  the 
compound,  while,  if  exerted  to  one  of  these  principles,  it  is  ele- 
mentary. 

The  following,  although  not  all  of  them  explicitly  stated  by 
BerthoUet,  may  be  regarded  as  the  general  principles  of  the 
doctrine  ;  and  in  their  apphcation  they  afford  an  admirable  view 
of  many  chemical  phenomena. 

If  the  attraction  of  a  substance  to  one  of  the  principles  of  a 
compound  be  much  superior  to  its  attraction  to  the  other,  in 
this  case  an  elementary  affinity  will  be  called  into  action,  and  the 
compound  decomposed.  If  the  attraction  exerted  be  nearly  e- 
qual  to  each,  a  resulting  affinity  will  be  established,  and  the 
substance  exerting  it  will  combine  with  the  compound ;  and 
this  will  even  happen  where  there  is  an  inequality,  if  not  very 
great,  in  the  attractions  it  exerts  to  the  principles  of  the  com- 
pound, as  the  affinity  exerted  by  the  one  of  these  principles  to 
the  other  is  a  force  the  effect  of  which  is  to  maintain  the  com- 
bination, to  counteract  therefore  the  elementary,  and  favour  the 
resulting  affinity.  Lastly,  when  an  elementary  affinity  is  exerted 
at  first,  as  it  must  become  weaker  in  the  approach  to  saturation, 
it  will  at  length  not  exceed  in  force  the  affinity  exerted  to  the 
other  principle  of  the  compound,  an  equilibrium  will  be  esta- 
blished, and  the  action  will  terminate  in  the  exertion  of  a  re- 
sulting affinity.  I  propose  to  add  in  this  note  a  few  illustra- 
tions on  this  subject  from  individual  substances,  which  could 
not  well  be  admitted  into  the  text.  = 
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Sulphuric  acid  is  a  compound  of  sulphur  and  oxygen,  am- 
monia of  hydrogen,  and  nitrogen.  When  ammonia  and  sulphu- 
ric acid  are  presented  to  each  other,  they  combine  ;  and  this, 
according  to  the  common  opinion,  is  from  an  attraction  exerted 
by  the  particles  of  the  ammonia  to  those  of  the  acid.  But,  ac- 
cording to  the  theory  now  stated,  when  oxygen  and  sulphur 
have  combined  together,  their  affinities  do  not  become  dormant, 
but  are  only  modified  by  the  state  in  which  they  exist  in  the 
combination.  When  hydrogen  and  nitrogen  combine,  a  similar 
modification  of  their  affinities  results.  Each  of  these  elements 
too,  are  supposed  to  have  affinities  to  each  of  the  others,  in  con^ 
formity  to  the  principle,  that  all  bodies  have  mutual  attractions; 
and  hence  the  attractions  which  the  two  compounds,  the  sul- 
phuric acid  and  the  ammonia,  exert,  are  not  attractions  which 
may  be  said  to  belong  specifically  to  them,  arising  from  the  fi- 
gure, magnitude,  or  any  other  quality  of  their  integrant  parts, 
but  are  the  elementary  affinities,  modified  by  the  conditions  un- 
der which  the  elements  exist. 

Water,  in  dissolving  a  neutral  salt,  acts  by  a  resulting  affini-. 
ty,  or  by  the  attractions  it  exeits  to  the  principles  of  the  salt, 
modified  no  doubt  by  the  attractions  they  exert  to  each  other. 
But  if  its  attraction  to  one  of  these  principles  be  much  superior 
to  what  it  is  to  the  other,  espcci.;lly  where  the  affinity  between 
them  is  not  very  strong,  both  which  circumstances  are  found 
in  several  of  the  metallic  salts,  the  affinity  it  exerts  is  elemen- 
tary, and  the  salt  is  not  dissolved,  but  decomposed. 

Nitric  acid  is  a  compound  of  oxygen  and  nitrogen,  and,  in 
combining  with  potaasa,  is  supposed ^o  act  by  an  affinity  which 
results  from  the  affinities  of  these  elements.  The  reciprocal  ac- 
tion of  Tpotassa  is  also  composed  of  its  affinities  to  the  princi- 
ples which  constitute  nitric  acid.  Both  therefore  are  resulting ; 
and  when  exerted,  they  effect  the  combination  of  nitric  acid  and 
potassa.  But  the  elementary  affinities  of  nitric  acid  may  also 
be  exerted.  Thus,  when  poured  on  a  metal,  the  metal  does 
not  exert  an  attraction  to  the  entire  acid,  but  to  its  oxygen. 
This  is  therefore  an  elementary  affinity  ;  but  when  it  is  so  far 
satisfied,  the  attraction  of  the  metal  to  an  additional  portion  of 
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oxygen  hcifig  nearly  c^iial  to  its  attraction  to  nitrogen,  it  least' 
whdrv  that  attraction  is  aided  by  the  attraction  of  the  oxygen 
to  nitrogen,  it  exerts  an  affinity  to  the  entire  acid,  with  whicli 
the  partially  oxidated  metal  now  combines.  In  this  case^  the 
elementary  pass  into  resulting  aftinities. 

This,  in  conformity  to  the  general  principles  already  stated, 
affords  a  beautiful  view  of  the  theory  of  the  action  of  acids  on 
metals.  Metals  may  be  conceived  to  have  in  attraction  both  to 
the  oxygen  of  an  acid  and  to  its  base,  but  stronger  to  the  for- 
mer than  to  the  latter.  Hence  a  metal  exposed  to  the  action  of 
an  acid,  first  attracts  a  portion  of  oxygen,  but  its  affinity  to  this 
principle  diminishing  as  it  approaches  to  saturation,  comes  at 
length  not  to  be  greater  than  its  attraeticm  to  the  base  of  the 
acid,  and  then  the  entire  acid  enters  into  the  combination. 
Hence  tlje  law  observed,  without  exception  in  metalhc  solu- 
tions, that  a  metal  must  be  oxidated  before  it  combined  with  an 
acid.  If  its  affinity  to  oxygen  is  too  weak  to  decompose  the 
acid,  being  still  weaker  to  the  base,  it  cannot  in  its  state  of  co- 
hesion exert  a  resulting  affinity  ;  and  if  previoHsly  oxidated,  this 
lessening  its  cohesion,  and  at  the  same  time  bringing  its  affinity 
to  the  base  to  an  equality  with  the  affinity  it  has  to  oxygen,  it 
henee  combines  with  the  entire  acid. 

Much  of  the  evidence  for  this  theory  of  resulting  affinity, 
must  rest  on  its  being  clearly  shown,  that  the  circumstances 
proved  to  exist  in  combinations  are  sufficient,  from  their  known 
operation  on  chemical  affinity,  to  account  for  the  differences  be- 
tween the  affinities  of  compounds  and  those  of  their  constituent 
parts.  This  has  been  done  by  BerthoUet,  with  much  ingenui- 
ty, and,  I  should  be  disposed  to  conclude,  with  snceess. 

Thusj  it  is  obviousy  as  has  been  already  stated,  that  the  che- 
mical action  of  substances  diminishing  in  proportion  to  their 
saturiitioji,  resulting  affinities  must  in  general  be  less  strong  than 
elementary  affinities.  But  this  again  is  always  tnodified  by  o- 
tlKr  circumstances  attending  the  combination,  which  will  either 
concur  with  it,  and  still  farther  weakeh  the  affinity,  or  which, 
on  the  other  hand,  may  counteract  it,  and  render  resultmg  af- 
finity even  rtiore  energetic. 
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Thus  the  action  of  a  substance  depemls  not  only  on  the  ener- 
gy of  its  afEnity,  but  also  on  the  quantity  of  it  within  the  sphere 
of  action.  If  an  elastic  substance,  therefore,  is  condensed  in  a 
combination,  so  as  to  exist  in  the  liquid  state,  it  derives  from 
the  combination  the  advantage  of  acting  in  a  larger  mass,  and 
also  the  removal  of  the  obstacle  of  elasticity.  At  the  same 
time,  this  is  diminished  by  the  saturation  it  experiences  from 
the  combination  ;  though  in  many  cases  this  is  much  less  in  the 
resulting  affinity  than  the  augmentation  of  energy  acquired  by 
the  condensation.  Potassa,  by  any  affinity  it  exerts  on  oxygen 
or  on  nitrogen,  is  unable  to  overcome  their  elasticity,  or  form 
any  combination  with  them  ;  but  when  they  are  condensed  in 
their  combination  in  nitric  acid,  it  unites  with  them  with  rapi- 
dity. Thus,  also,  carbonic  acid  in  its  elastic  state,  h,  with  re- 
gard to  many  substances,  less  energetic  in  its  action  than  when 
condensed  by  combination  with  water.  To  this  is  to  be  ascri- 
bed the  gcTieral  energy  in  the  action  of  acids,  and  the  almost 
universal  chemical  agency  of  water. 

If,  in  like  manner,  a  substance  by  combination  pass  from  the 
solid  to  the  liquid  state,  although  it  may  lose  in  the  energy  of 
its  action  by  tlie  saturation  it  suffers,  this  may  be  more  than 
compensated  for  by  the  advantage  it  gains  by  losing  its  cohe- 
sion, and  its  affinities  may  be  more  numerous  and  more  easily 
exerted.  Sulphur  at  a  common  temp':rature  does  not  attract 
oxygen  ;  but,  when  combined  with  potassa,  so  as  to  be  soluble 
in  water,  the  solution  easily  condenses  oxygen  gas ;  a  fact 
which  may  be  ascribed  entirely  to  the  fluidity  of  the  sulphur  at 
this  temperature,  though  it  is  in  part  also  perhaps  owing  to  the 
affinity  exerted  by  the  potassa  to  the  oxygen. 

If,  on  the  contrary,  a  substance  by  combination  pass  from 
the  liquid  to  the  solid  state,  this  will  add  to  the  diminution  of 
its  affinity  from  saturation.  Potassa  and  nitric  acid  are  sepa- 
rately soluble  in  alkoliol,  but  nitrate  of  potassa  is  insoluble,  ow- 
ing, no  doubt,  partly  to  its  cohesion,  and  partly  to  the  diminu- 
tion in  the  force  of  the  affinities  of  its  elements,  by  their  mu- 
tual saturation.  It  is  still  soluble  however  in  water,  as  its  consti- 
tuent parts  are  more  soluble  in  that  fluid  than  in  alkohol. 
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In  applying  the  theory  to  particular  facts,  all  these  circiiiii- 
stances  must  be  kept  in  view,  or  we  must  not  conclude  that  the 
advantage  gained  in  strength  of  action  will  be  proportioned  to 
the  degree  of  condensation  in  an  elastic  ingredient,  or  to  the 
fluidity  acquired  by  a  soHd,  but  to  these  modified  by  the  satu- 
ration they  at  the  same  time  experience.  As,  on  the  other  hand, 
the  diminution  of  energy  may  be  greater  than  would  arise  from 
the  saturation  alone,  if  cohesion  or  elasticity  were  not  acquired  ; 
or  may  be  less  if  the  opposite  states  are  the  result. 

The  affinity  of  a  substance  which  combines  with  a  compound, 
concurs  with  its  elementary  affinities  to  preserve  its  composition, 
or  resist  decomposition.  Hence  the  acids  are  not  so  easily  de- 
composed by  substances  exerting  an  attraction  to  their  oxygen 
when  they  are  combined  with  any  base,  as  when  they  are  in 
their  free  state ;  and  even  water,  by  its  affinity  to  nitric  acid, 
resists  to  a  certain  extent  the  decomposition  which  the  acid  is 
liable  to  suffer  from  a  high  temperature. 

It  is  an  important  advantage  of  this  doctrine,  that  it  aEordt 
a  satisfactory  explanation  of  those  anomalous  cases  of  chemical 
action,  which  have  been  classed  under  the  name  of  Disposing 
Affinity.  On  this  subject  it  is  unnecessary  to  add  to  the  illus- 
trations given  in  the  text. 

E.  (p.  105. J  That  part  of  tbe  speculations  of  Berthollet 
which  relates  to  the  causes  of  the  proportions  which  bodies  ob- 
serve in  entering  into  combination,  is  in  some  measure  obscure; 
and  as  the  subject  is  interesting,  I  have  thought  it  necessary  to 
consider  it  at  more  length  than  I  could  do  in  the  text. 

His  views  on  this  subject  are  altogether  original.  That  in 
some  cases  bodies  combine  in  every  proportion,  in  others  only 
in  one  proportion,  and  in  others  in  two  or  three  determinate  pro- 
portions, were  formerly  stated  as  ultimate  facts,  nor  was  any 
theory  proposed  by  which  they  might  be  reconciled,  or  brought 
under  one  principle.  This  has  been  done  by  Berthollet ;  and 
though,  from  the  difficulty  of  the  subject,  the  explanations  may 
sometimes  appear  vague  or  obscure,  the  th.eory  is  probably  just, 
nor  can  it  be  uninteresting  to  the  philosophical  theraist. 
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It  rests  on  the  principle,  that  affinity  is  a  force  disposed  to 
operate  between  bodies,  and  to  unite  them  in  all  proportions  ; 
that  therefore  any  limits  opposed  to  its  exertion,  must  arise  from 
the  operation  of  external  forces,  and  that  it  is  only  by  these 
that  determinate  proportions  are  established. 

This  will  be  illustrated  most  clearly  by  considering  its  appli- 
cation to  the  facts,  as  1  have  arranged  them,  in  reference  to  the 
general  law.  1st,  Some  bodies,  1  have  observed,  combine  in 
every  proportion  ;  2dly,  In  some  the  combination  is  unlimited 
to  a  certain  extent,  beyond  which  it  cannot  proceed  ;  3dly, 
There  are  cases  in  which  two  bodies  can  be  combined  only  in 
one  proportion  ;  and,  lastly.  In  many  cases,  two  or  three  de- 
terminate proportions  are  observed. 

First,  there  are  cases  in  which  combination  is  perfectly  unli- 
mited. In  these,  therefore,  we  perceive  the  operation  of  the 
principle  assumed,  and  that  we  do  so,  is  owing  to  the  circum- 
stances which  modify  affinity  either  not  being  present  cr  ope- 
rating with  little  force.  When  two  fluids  combine  together, 
little  or  no  limit  is  opposed  to  the  combination,  either  by  cO' 
hesion  or  elasticity  in  either  of  them  ;  and  when  the  result  of 
the  combination  is  a  substance  still  existing  in  the  fluid  state, 
in.  this  case  also  either  of  these  fi)rces  is  not  exerted  to  any  ex- 
tent. Hence  there  is  little  obstacle  to  the  combination  at  any 
stage  of  it ;  the  attraction  is  still  exerted  whatever  may  be  the 
relative  quantities  of  the  bodies,  and  they  combine  in  every  pro- 
portion. This  is  sufficiently  illustrated  in  the  combinations  of 
the  liquid  acids  with  water,  or  in  the  combination  of  water  and 
alkoliol.  Yet  in  some  cases  where  the  affinity  is  weak,  the  re- 
maining cohesion  in  Uquids  and  the  difference  of  specilic  gravity 
may  limit  the  combination,  as  in  tlw  example  of  sulphuric  ether, 
of  which  water  cannot  dissolve  above  one-tenth  of  its  weight. 

We  may  next  trace  the  effect  arising  from  these  circumstan- 
ces in  determining  the  proportions  of  combinations  ;  and  this  will 
be  done  with  most  simplicity  in  that  variety  of  combination 
where  it  is  unlimited  to  a  certain  extent,  beyond  which  the 
power  is  hmited. 

The  solution  of  a  salt  in  water,  illustrates  sufficiently  the  efr 
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feet  of  cohesion  in  thus  limiting  combination.  It  dissolves  in  all 
proportions  to  a  certain  extent,  at  which  the  solution  ceases. 
In  this  case  vi'e  have  in  opposition  two  forces,  cohesion  and  af- 
finity. At  first  the  latter  predominates,  and  part  of  the  solid 
combines  with  the  fluid ;  but  in  proportion  as  the  solution  pro- 
ceeds to  saturation,  the  affinity  is  weakened  from  the  influence 
of  quantity,  and  at  length  becomes  inferior  to  the  cohesive 
force ;  at  this  point,  therefore,  the  combination  ceases.  But  if 
the  cohesion  of  the  solid  is  weakened  by  tlie  application  of 
heat,  the  combination  may  be  carried  to  a  still  greater  extent ; 
and  if  we  could  raise  the  temperature  sufficiently  high  to  over- 
come  entirely  the  cohesion  of  the  salt,  without  at  the  same  time 
communicating  elasticity  to  the  water,  they  might  be  made  to 
combine  in  every  proportion.  There  are  accordingly  some  sahs 
in  which  this  can  be  effected, — salts  which  require  no  great 
heat  to  melt  them,  and  which  at  the  same  time  have  a  strong 
affinity  to  water,  so  as  not  to  be  weakened  sensibly  by  the  heat 
which  is  necessary.  At  a  certain  temperature,  combinations  of 
these  with  water  i(i  every  proportion  may  be  obtained. 

The  effect  of  elasticity  in  determining  the  proportions  of 
combinations,  may  be  illustrated  from  the  solution  of  an  elastic 
fluid  or  air  in  any  hquid,  suppose  water.  The  affinity  of  the 
water  to  the  air  is  sufficiently  strong  at  first  to  overcome  its  e- 
lasticity,  but  from  the  influence  of  quantity  it  becomes  weaker 
2s  the  combination  proceeds.  This  however  is  gradual  and  pro- 
gressive, and  therefore,  to  a  certain  extent,  the  power  pf  com- 
bination is  unhmited.  But  it  ceases  when  the  elasticity  of  the 
air  is  capable  of  counterbalancing  the  affinity,  and  the  combi- 
nation cannot  be  qarried  beyond  this,  but  by  the  application  ot 
(Strong  pressure,  by  which  the  elasticity  is  counteracted,  or. "by 
the  application  of  cold,  which  has  the  same  effect,  though  this 
last  has  its  limits,  from  augmenting  at  the  sapie  time  the  force 
of  cohesion  in  the  water. 

The  metals,  in  combining  together,  afford  an  illustration  of 
the  effect  of  fusibility  and  specific  gravity  in  determining  pro- 
portions. Two  metals  having  an  affinity  to  each  other,  and 
not  differing  ipuch  in  these  properties,  will  combine  in  ^very 
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proportion,  while  the  difference,  if  considerable,  will  limit  the 
combination  to  certain  proportions. 

But  the  variety  of  combination  most  frequent  and  most  diffi- 
cult to  account  for,  is  that  where  it  is  in  no  part  of  its  progress 
unlimited,  but  takes  place  invariably  in  one  or  more  determinate 
proportions.  It  is  explained  by  BerthoUet  on  the  following 
principle. 

The  effect  of  every  combination  is  condensatioa  of  the  sub- 
stances combined.  In  weak  combinations  the  condensation  is 
inconsiderable  :  no  effectual  obstacle  is  opposed  therefore  to 
the  progress  of  the  combination  5  and  hence  it  may  take  place 
in  every  proportion.  But  in  combinations  produced  by  a 
stronger  affinity,  the  condensation  is  more  considerable,  and  it 
may  be  so  much  so  as  to  oppose  the  farther  combiiiation,  and 
cause  it  therefore  to  assume  a  determinate  proportion, 

I  his  will  most  probably  happen  at  that  point  where  the 
condensation  from  the  combination  is  greatest ;  for  experiment 
shews,  that  in  combinations  there  is  always  a  proportion  of  the 
substances  from  the  union  of  which  the  greatest  condensation 
arises.  Now  at  this  point  the  power  of  cohesion  will  be  exert- 
ed with  greatest  force  ;  and  according  to  its  energy,  the  com- 
pound will  pass  from  the  more  rare  state  of  its  ingredients, 
whether  aerial  or  fluid,  to  a  more  concrete  or  solid  form.  An 
interruption  will  then  take  place  in  the  progress  of  the  combi- 
nation, or  it  vvill  be  fixed  at  the  proportions  at  which  this  hap- 
pens ;  for  the  attraction  of  cohesion  now  exerted,  will  oppose 
an  obstacle  to  any  farther  combination  of  its  constituent  parts, 
and  that  with  more  or  less  force,  as  the  force  of  cohesion  ac- 
quired is  greater ;  and  it  will  also  withdraw  the  product  from 
the  sphere  of  attraction.  Thus  the  general  law  of  affinity  is  in- 
terrupted ;  because  an  obstacle  which  arises  from  its  own  action 
opposes  the  progress  of  its  exertion. 

A  very  satisfactory  proof  of  the  justness  of  this  theory  is, 
that  if  the  exertion  of  the  force  of  cohesion  is  counteracted,  so 
that  the  separation  of  the  compound  at  a  certain  stage  of  the 
process  does  not  take  place,  no  phenomena  occur  marking  a  de- 
terminate combination  in  one  proportion  more  than  in  another. 
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If  ail  acid  and  an  alkali  be  largely  diluted  with  water,  so  that 
the  compound  which  they  form  in  any  proportion  will  be  re- 
tained in  solution,  we  find  them  unite  in  every  relative  quantity 
in  which  they  can  be  presented  to  each  other ;  the  acidity  will 
diminish  as  the  proportion  of  alkaU  is  increased;  and,  on  the 
other  hand,  the  alkaline  power  is  enfeebled  as  the  proportion  of 
acid  is  augmented,  while  there  is  a  middle  term  at  which  each 
is  neutralized ;  but  in  all  these  stages  there  still  exists  a  com- 
bination. They  do  not  combine,  therefore,  in  determinate  pro- 
portions ;  and  a  compound  with  such  proportions  is  only  ob- 
tained by  the  force  of  cohesion  acting  with  more  force  at  a  cer- 
tain stage  of  the  combination,  and  causing  its  separatio;i. 

This  separation  will  in  general  happen  at  the.  point  of  neu- 
tralization, at  which  the  properties  of  bodies  are  mutually  alter- 
ed, and  their  condensation  probably  nearly  equal,  and  at  the 
greatest ;  at  least  it  will  happen  so  where  the  elements  of  the 
combination  have  nearly  the  same  disposition  to  solidity  ;  for 
"  the  insolubility  which  causes  the  precipitation,  belongs  to  the 
natural  qualities  of  each  of  toe  elements,  increased  by  the  con- 
densation they  experience."  But  if  one  of  these  has  a  greater 
tendency  to  this  state  than  the  other,  its  tendency  will  rather 
regulate  the  combination,  or  the  separation  will  take  place  in 
that  proportion  in  which  there  will  be  an  excess  of  this  ingredi- 
ent. This  principle  explains  the  formation  of  saline  compounds  ; 
it  explains  why  the  determinate  combination  takes  place  gener- 
ally in  that  proportion  in  which  there  is  mutual  saturation  or 
neutralization,  and  why  it  sometimes  happens  with  a  proportion 
in  which  there  is  an  excess  of  one  of  the  ingredients.  The  for- 
mer will  be  the  case  where  the  ingredients  of  the  sahne  combi- 
nation have  nearly  an  equal  tendency  to  solidity  ;  the  latter, 
where  the  tendency  of  one  to  this  state  is  gi  jater  than  that  of 
the  other,  as  is  exemphfied  in  the  tartrates  and  oxalates. 

At  the  sam-  time  it  must  not  be  supposed,  that  in  such  com- 
binations  the  principles  cannot  combine  in  other  proportions. 
This  was  supposed  indeed  to  be  the  case  ;  and  when  facts  were 
found  incompatible  with  such  a  supposition,  they  were,  endea- 
voured to  be  explained  by  farther  supposing,'  that  a  compound 
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might  have  an  attraction  to  one  of  its  ingredients  ;  might  be  ca- 
pable of  combining  with  it  in  an  additional  determinate  propor- 
tion ;  and  that  thus  other  compounds  might  be  formed  than 
merely  the  one  for  the  formation  of  which  there  appeared  to  be 
the  greatest  tendency.  In  this  way  were  distinguished  among 
the  salts  two  combinations,  one  neutral,  and  one  with  an  excess 
of  acid  ;  and  these  were  supposed  to  be  determinate,  as  in  the 
sulphate  and  super-sulphate  of  potassa,  or  the  phosphate  and 
super-phosphate  of  lime.  The  neutral  combination  was  con- 
ceived to  be  the  immediate  result  of  the  union  of  the  acid  and 
base ;  and  the  acidulous  salt  the  result  of  the  union  of  the  neu- 
tral salt,  with  an  additional  proportion  of  acid.  But  this  expla- 
nation is  hypothetical,  and  is  merely  an  indirect  mode  of  ac- 
counting for  the  formation  of  compounds,  which  admits  of  a  so- 
lution more  easy,  and  more  conformable  to  the  laws  of  combi- 
nation. There  can  be  little  doubt,  but  that,  although  there  is 
in  every  combination  one  proportion  in  which  the  condensation 
and  tendency  to  cohesion  are  greatest,  and  at  which,  therefore, 
there  is  the  greatest  tendency  to  separation  ;  yet  there  may  be 
combinations  of  the  same  elements  in  other  proportions,  deter- 
mined by  weaker  degrees  of  rondeiisation,  or  of  the  force  of  co- 
hesion ;  and  that  by  the  regulation  of  circumstances  such  com- 
binations may  be  obtained.  It  appears,  that  in  many  saline 
combinations,  though  there  is  a  tendency  in  the  ingredients  to 
unite  in  a  certain  proportion,  yet  if  presented  to  each  other  in 
different  proportions,  they  still  combine  in  these,  and  thus  unite 
in  many  proportions  ;  nor  is  this  limited  to  two  determinate  pro- 
portions, as  was  conceived.  Sulphuric  acid  and  potassa,  if  the 
separation  of  the  compound,  at  any  stage  of  the  combination, 
be  prevented  by  a  sufficient  quantity  of  water  being  present, 
may  be  combined  in  every  proportion,  though  there  is  only  one 
proportion  in  which  the  properties  are  mutually  neutralized ; 
and  such  compounds,  with  an  excess  of  one  ingredient,  may 
even  be  crystallized.  Thus  BerthoUet,  by  dissolving  an  acidu- 
lous sulphate  of  potassa  in  water,  and  crystallizing  it  by  succes- 
sive evaporations,  obtained  each  time  crystals  diminishing  in  the 
excess  of  acid,  uutil  at  length  the  neutral  sulphate  crystallized. 
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Sulphate  of  sotla  presented  the  same  results ;  and  he  UzbaIm 
shown,  that  various  combinations  can  be  formed  of  phosphoric 
acid  and  hme  *, 

Wc  have  thus  traced  this  effect  of  condensation  in  limiting 
combination  to  certain  proportions,  on  substances  presented  to 
each  other  in  the  hquid  form.  We  have  still  to  observe  tlie  ef- 
fect of  this  cause  on  combinations  of  aerial  substances,  this  in- 
volving some  peculiarities  distinct  from  the  preceding  statement. 
Its  effects  are  more  considerable,  because  the  degrees  of  con» 
densation  from  combination  arc  much  greater. 

When  elastic  fluids  are  mingled  with  each  other,  though  they 
may  exert  a  weak  mutual  attraction,  by  which  they  are  at  least 
prevented  from  separating,  yet  their  elasticity  is  an  obstacle  to 
their  energetic  combination.  When  favoured,  however,  by  cir- 
cumstances, they  unite  intimately,  and  the  proportions  of  their 
combination  will  be  determined  by  their  condensation.  It  will 
generally  take  place  in  that  proportion  in  v/hich  the  condensa* 
tion  is  greatest,  for  the  same  reason  that  the  combination  of 
fluids  takes  place  at  the  state  of  greatest  density.  It  proceeds 
towards  that  without  any  obstacle,  and  it  i«  anested  at  it,  be- 
cause the  acquired  density  or  tendency  towards  cohesion  is  un- 
favourable to  the  farther  combination  of  either  of  the  ingredi- 
ents ;  and  as  this  condensation  is  proportionally  much  greater 
than  in  other  combinations,  a  more  fixed  proportion  will  be  ob- 
served, as  there  will  be  a  greater  obstacle  to  the  combination  of 
the  elements  in  other  proportions.  We  do  not,  therefore,  in  the 
mutual  actions  of  these  aerial  fluids,  find  progressive  combina- 
tions, as  in  the  salts,  but  they  at  once  pass  into  combinations 
which  are  uniform  or  with  little  variation. 

Thus  the  constituent  principles  of  water,  two  elastic  fluids, 
in  whatever  relative  quantities  they  may  be  mixed,  unite  only  in 
that  proportion  whicii  forms  water.  The  condensation  at  that 
proportion  is  so  great  as  to  determine  the  combination  ;  and  the 
density  and  tendency  to  cohesion  of  the  resulting  compound 
immediately  separates  it  from  what  is  superfluous  in  the  propor- 
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lion  of  either  ingredient.  It  may  happen,  however,  that  where  the 
condensation  is  less,  combinations  in  more  than  one  proportioa 
may  be  formed,  according  to  tlie  quantities  of  the  ingredients 
presented  to  each  other,  or  the  operation  of  other  circumstan- 
ces. The  combination  will  be  established  at  one  proportion  by 
a  certain  degree  of  acquired  density,  but  this  may  not  be  suffi- 
cient to  insulate  the  compound.  It  may  therefore  be  capable 
of  combining  with  an  additional  proportion  of  either  of  its  in- 
gi'edients.  This  is  the  case  in  the  combinations  of  oxygen  and 
nitrogen,  wltich  take  place  in  three  proportions.  Lastly,  when 
the  reciprocal  action  is  not  strong,  and  does  not  give  rise  to 
great  differences  in  the  condensation  at  different  stages  of  the 
combination,  the  proportions  may  vary  from  slight  variations  of 
circumstances,  as  is  observed  in  the  carburetted,  and  perhaps 
in  the  sulptiuretted  hydrogen  gases. 

In  the  combination  of  an  elastic  fluid  with  a  liquid  or  solid, 
the  condensation  is  greater  in  proportion  as  the  attraction  be- 
tween them  is  strong,  and  is  sometimes  so  great  as  to  establish 
fixed  points  of  saturation  :  in  other  cases,  the  solid  combines 
with  successive  proportions  of  the  elastic  fluid,  to  the  point  at 
which  the  elasticity  or  the  eohesioH  cannot  be  farther  overcotne 
by  the  affinity  ;  and  this  species  of  gradual  progression  in  the 
combination  of  a  solid  with  an  aeriform  body,  there  is  reason  to 
believe  frequently  takes  place»  where  it  has  been  too  hastily  con- 
cluded, that  determinate  proportions  were  observed,  as  in  the 
combinations  of  the  metals  with  oxygen. 

In  those  cases,  where  the  solid  or  liquid,  in  combining  with 
an  air,  passes  into  the  aeriform  state,  limits  are  placed  to  the 
combination  by  the  cohesion  of  the  liquid  or  solid.  And  some- 
times a  more  uniform  proportion  is  established  in  these  combi- 
nations, especially  when  they  are  effected  at  a  high  temperature  ; 
or  in  consequence  of  the  mutual  affinity  exerted,  the  solid  passes 
to  the  aeriform  state,  and  the  combination  may  then  become 
subject  to  the  laws  which  regulate  the  combinations  of  elastic 
fluids,  the  condensation  which  results  from  it  insulating  it  at  a 
certain  proportion.  Sulphur,  for  example,  may  first  enter  into 
a  progressive  combination  with  oxygen,  until  it  has  combine^ 
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with  such  a  quantity,  lljat  elasticity  is  communicated  to  the 
compound,  which  fixes  the  combination  at  that  proportion 
forming  sulphureous  acid  gas.  But  this  will  obey  the  law  ob- 
served in  the  reciprocal  action  of  elastic  fluids ;  and  if  the  tem- 
perature be  suddenly  raised,  it  may  again  combine  with  oxygen 
gas,  and  the  progress  of  tliis  combination  will  be  interrupted  at 
the  point  of  greatest  condensation,  when  sulphuric  acid  is  form- 
ed. 

Such  is  the  view  which  BerthoUet  gives  of  the  limits  of  com- 
bination. The  causes  he  assigns  must  operate  to  a  certain  ex- 
tent ;  and  if  the  explanations  shall  be  found  not  always  per-, 
fectly  precise,  this  may  perhaps  be  ascribed  rather  to  the  diffi-. 
culty  arising  from  the  complication  of  the  subject,  than  to  any 
deficiency  in  the  principle  of  the  theory.  Facts  which  are  not 
fully  explained,  or  which  are  in  opposition  to  what  the  theory 
would  lead  to  expect,  may  even  be  adduced.  Berthollet,  for 
example,  remarks,  that  salts  are  disposed  to  crystaUize  in  the 
neutral  state,  and,  of  course,  to  have  the  combination  insulated 
and  fixed  at  that  state  ;  but  that  where  either  ingredient  has  a 
greater  tendency  to  cohesion  than  the  other,  the  compound 
may  crystallize  with  an  exce^  of  that  ingredient :  and  he  gives 
as  an  example,  which  sufhciently  accords  with  this  principle, 
the  combinations  of  tartaric  acid  or  of  oxalic  acid  with  potassa, 
in  which,  as  the  acid  is  the  substance  most  disposed  to  cohe- 
sion, there  is  observed  a  disposition  always  to  ciystaUize  with 
an  excess  of  acid.  But  if  we  apply  the  same  principle  to  other 
salts,  we  find  few  facts  to  accord  with  it  ;  on  the  contrary,  they 
sometimes  appear  contradictory  to  it,  as  in  the  examples  of  the 
compound  of  boracic  acid  with  soda,  or  phosphoric  acid  with  so- 
da, both  of  whicb  are  disposed  to  crystallize  with  an  excess  of 
soda,  though  the  acid  is  in  each  of  them  tlie  ingredient  which 
has  the  greatest  tendency  to  cohesion,  and  has  alst)  less  affinity, 
to  the  water  from  which  the  corrpound  salt  crystallizes.  And 
a  number  of  similar  examples  might  be  given.  It  is  true,  too, 
that  compounds  can  combine  with  an  excess  of  one  of  their  in- 
gredients, without  this  excess  entering  into  the  ultimate  com- 
position ;  as  when  water  dissolves  a  certain  portion  of  oxygen 
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gas  ;  but  sucii  combinations  have  quite  different  characters  from 
those  which  have  been  supposed  to  be  of  a  similar  kind,  but  in 
which  it  is  more  probable  the  additional  quantity  of  the  ingredi- 
ent added  is  in  direct  conibination  with  the  rest  of  the  elements. 
Lastly,  we  might  find,  in  the  explanations  which  are  given  of  the 
causes  of  the  determinate  proportions  observed  in  the  combina- 
tions of  elastic  fluids,  a  degree  of  obscurity  and  vagueness  ; 
and  be  able  to  select  facts  not  precisely  conformable  to  what 
the  theory  might  suggest.    Yet  some  weight  must  be  allowed 
with  regard  to  this,  and  other  similar  speculations  on  the  dif- 
ficult subject  of  affinity,  to  an  observation  well  expressed  by 
BerthoUct,  in  reference  to  this  very  subject.      I  am  far,"  says 
he,  "  from  pretending,  in  the  compaiison  of  the  phenomena 
which  I  analyze,  there  may  not  be  some  which  do  not  answer 
to  the  conditions  I  assign  to  them  ;  but,  in  the  explanation  of 
phenomena  to  which  a  great  number  of  properties  contribute, 
we  must  not  expect  to  be  able  to  determine  all  the  causes  which 
act,  and  which  may  lead  to  modifications  in  the  results:  the. 
number  and  agreement  of  these  results  may,  however,  be  suf- 
ficiently great  to  shew  the  principles  from  which  they  are  de- 
rived, particularly  when  they  are  established  on  general  princi- 
ples, which  cannot  be  controverted,  and  which  have  the  advan- 
tage of  connecting  plienomena  with  those  general  principles 
which  appeared  to  he  independent  of  them  *." 

I  have  remarked  in  the  text,  that  a  system  of  chemical  com- 
bination having  considerable  novelty,  founded  on  the  principle, 
that  bodies  unite  in  proportions  rendered  determinate  by  the 
immediate  exertion  of  their  mutual  attraction,  has  beeji  advan- 
ced by  Mr  Dalton.  A  view  somewhat  similar  had  occurred 
too  to  Dr  Wollaston.  On  these,  as  connected  with  the  subject 
illustrated  in  this  note,  I  have  to  offer  a  few  observations. 

Mr  Dalton's  system  rests  on  the  assumption,  that  when  bo- 
dies combine  chemically,  they  unite  in  determinate  proportions. 
He  farther  assumes,  that  when  two  bodies  combine  in  one  pro- 
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portion  only,  it  is  reasonable  to  believe  that  they  unite  particle 
with  particle,  or  that  an  atom  of  the  one  is  in  combination  with 
an  atom  of  the  other.  If  this  be  admitted,  we  have  a  method 
by  which  we  can  discover  the  relative  weights  of  these  atoms : 
it  is  only  necessary,  lo  select  a  combination  of  this  kind  ;  to  as- 
certain  by  experiment  the  quantities  by  weight  in  which  the 
bodies  combine  ;  and  then,  as  the  quantities,  by  the  hypothesis, 
contain  the  same  number  of  ultimate  atoms,  the  relative  weights 
of  each  atom  must-  be  as  these.  For  example,  oxygen  and 
hydrogen  combine  in  the  proportion,  taking  entire  numbers,  of 
85  of  the  former,  and  15  of  the  latter:  as  they  unite  in  no  o- 
ther  proportion  than  this;  it  is  presumed  that  one  particle  of 
oxygeu  combines  with  one  of  hydrogen  ;  the  weight  of  the 
particle  of  oxygen,  therefore,  must  be  to  that  of  hydrogen 
85  to  15,  or  nearly  as  6  to  1.  By  the  same  method,  the 
weights  of  the  ultimate  particles  of  other  bodies  are  obtained. 
Thus,  ammonia  being  presumed  to  be  a  compound  of  nitrogen 
and  hydrogen  in  the  proportion  of  80  of  the  former  to  20  of 
the  latter,  the  weight  of  an  atom  of  nitrogen  must  be  to  that 
of  hydrogen  in  that  proportion,  or  as  4  to  1.  These  combi- 
nations of  particle  with  particle  Mr  iDalton  calls  Unary. 

But  there  are  combinations  between  bodies  in  more  than  one 
proportion.  In  these  Mr  Dalton  supposes  that  the  propor< 
tions  are  not  indefinite  ;  a  certain  number  of  particles  of  the  one 
body,  he  maintains,  always  unite  with  a  particle  of  the  other, 
and  these  proportions  are  in  a  fixed  arithmetical  relation.  This 
is  expressed  in  the  following  table ;  A  and  B  denoting  tw* 
bodies  disposed  to  combine. 


1  atom  of  A  +  I  atom  of  B  = 

1  atom  of  A  +  2  atoms  of  B  = 

2  atoms  of  A  +  1  atom  of  B  = 
1  atom  of  A  +  3  atoms  of  B  = 

3  atoms  of  A  +  1  atom  of  B  = 


1  atom  of  C,  binary. 

1  atom  of  D,  ternary. 

1  atom  of  E,  ternary. 

1  atorti  of  F,  quaternary. 

1  atom  of  G,  quaternary,  &c. 


Mr  Dalton  adds,  that  "  when  only  one  combination  of  two 
bodies  can  be  obtained,  it  must  be  presumed  to  be  a  binary 
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cne,  unless  some  cause  appear  to  the  contrary  :  when  two  com- 
binations are  observed,  they  muB|:  be  presumed  to  be  a  binary 
and  a  ternary :  when  three  combinations  are  obtained,  we  may 
expect  one  to  be  a  binary,  and  the  "other  two  ternary:  when 
four  combinations  are  observed,  we  should  expect  one  binary, 
two  ternary,  and  one  quaternary,"  &c.  *.  Thus,  the  absolute 
weights  of  the  atoms  of  bodies  being  discovered,  and  the  rbles 
observed  in  their  combinations  established,  a  system  is  con- 
structed  which  may  be  extended  through  the  science,  and 
which  Mr  Dalton  has  applied  to  the  constitution  of  a  great 
number  «f  chemical  compounds. 

The  view  given  by  Dr  WoUaston  is  rather  more  limited.  It 
extends  not  to  the  weights  of  the  ultimate  particles,  but  is  con- 
fined to  the  estimation  of  the  relative  proportions  in  which  bo- 
dies enter  into  chemical  combination ;  the  law  which  regulates 
this  being  the  same  as  that  assumed  in  the  system  of  Dalton^ 
that  the  elements  of  bodies  are  disposed  to  unite  atom  to  atom 
singly,  or,  if  either  is  in  excess,  it  exceeds,  by  a  ratio  to  be  ex- 
pressed by  some  simple  multiple  of  the  number  of  its  atoms  "j". 

It  must  be  evident,  that  this  doctrine  is  a  mere  "hypothesis,  at 
least  so  far  as  relates  to  the  weights  of  the  ultimate  atoms  of 
bodies,  on  which  the  whole  details  of  the  system  rost.  Admit- 
ting, for  a  moment,  the  assumption,  that  it  is  an  attribute  of 
chemical  affinity  to  unite  bodies  in  only  one  proportion,  I  per- 
ceive no  evidence,  either  from  fact  or  probability,  for  the  far- 
ther assumption,  that  in  the  case  of  two  bodies  combining  in 
only  one  propoition,  that  combination  must  be  a  binary  one, 
or  must  consist  of  one  atom  of  the  one  body,  united  with  one 
of  the  other.  On  the  contrary,  it  appears  just  as  probable, 
that  according  to  the  figure,  magnitudes,  or  attracting  powers 
of  these  atoms,  it  may  be  a  combination  of  two  of  the  one  with 
one  of  the  other,  or  of  three  or  four  with  one.  Granting  that 
oxygen  and  hydrogen  can  combine  only  in  one  proportion,  a 
proposition  which  has  already  been  rendered  doubtful,  it  is  no 
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necessary  conclusion  that  they  must  unite  in  the  proportion  of 
one  atom  of  oxyjren  with  orje  of  hydrogen;  nor  is  it  more  pro- 
bable a  priori  that  this  k  the  mode  of  union,  than  that  two 
atoms  of  oxygen,  nr  three  of  them,  unite  with  one  of  hydro- 
gen,  or  the  reverse.  That  the  combination  is  that  of  an  atom 
of  the  one  with  an  atom  of  the  other,  is  therefore  hypothcti- 
cal,'  and  it  is  a  hypothesis  on  which  the  whole  details  of  the 
system  rest  ;  for  it  is  from  it  that  the  weights  of  the  atoms  oi 
bodies  are  estimated,  as  has  been  already  explained^  The 
weights  of  oxygen,  hydrogen,  and  nitrogen,  are  obtained  by 
this  hypothesis  ;  and  by  the  aid  of  these,  with  the  other  hypo- 
thetical assumptions  above  stated,  the  weights  of  the  atoms  of 
other  bodies  are  inferred. 

This  particular  assumption,  too,  it  may  be  remarked,  is  not 
rendered  more  probable  than  any  other,  by  any  species  of  induc- 
tion, but  is  merely  one  of  several  that  might  be  assumed  with 
equal  probability.  It  is  admitted  in  the  system,  that  there  arj 
such  combinations  as  those  of  two  atoms  with  one,  or  three 
with  one.  Since  they  are  possible,  it  appears  to  me  that  there 
are  no  grounds  for  inferring  a  firiori,  in  a  combination  of  two 
bodies  in  one  proportion,  whether  that  proportion  is  of  one  e- 
tom  wjth  .one,  two  with  one,  or  any  other  possible  combination 
that  may  occur.  The  supposition  that  it  is  of  one  with  one,  it 
may  be  said  is  the  more  simple  one.  But  we  are  very  imperfect 
judges  of  what  is  the  simplicity  of  nature  ;  and  the  many  exam- 
ples of  hypotheses  resting  on  this  ground  having  ultimately 
proved' false,  suggest  the  caution  of  not  allowing  much  weight 
to  such  an  argument  in  scientific  discussion. 

With  regard  to  the  system  considered  apart  from  the  hypo- 
thesis as  it  relates  to  the  weights  of  the  particles  of  matter  ;  it 
appears  irreconcilable  with  the  law  of  chemical  affinity  so  well 
established,  that  bodies  act  chemically,  not  only  in  the  ratio  of 
their  affinity,  but  of  their  affinity  and  quantity  :  for  if  combi- 
nation take  place  between  two  bodies  in  determinate  proportions, 
if  one  atom  of  a  is  disposed  to -combine  dirt  ctly  with  one  atom 
only  of  I,  what  farther  force  can  be  gained  from  the  presence 
of  a  number  of  particles  of  b.    While,  if  it  be  true  that  bodio. 


act  in  the  ratio  of  their  affinity  and  quantity,  it  appears  to  fol- 
low, that  their  power  of  combination,  unless  arrested  by  exter- 
nal circumstances,  must  be  unlimited  ;  for  the  action  of  a  num- 
ber of  particles  of  the  one  body  is,  by  the  very  supposition,  held 
capable  of  being  extended  to  one  particle  of  the  other,  and  there 
is  no  point  at  which  it  ceases  to  operate. 

In  comparing  the  evidence  of  these  opposite  systems,  the  one 
resting  on  the  position  that  chemical  attraction  has  a  tendency 
to  unite  the  particles  of  bodies  in  certain  fixed  proportions,  and 
the  other  founded  on  the  opposite  principle,  that  its  tendency 
is  to  combine  bodies  without  any  hmitation  as  to  proportion  ;  the 
latter,  I  acknowledge,  appears  to  me  to  accord  better  with  che- 
mical facts ;  to  be  more  directly  inferred  from  them ;  and  to  af- 
ford a  more  happy  explanation  of  the  whole  phenomena,  than 
the  former.  And  the  law,  that  quantity  pf  matter  adds  to  the 
force  of  affinity,  I  would  regard  as  established  nearly  with  all 
the  evidence  which  the  science  of  chemistry  is  at  present  capa- 
ble of  affording. 

F.  (ji.  120.^ — There  can,  I  believe,  be  little  doubt  of  the 
truth  of  much  of  Berthollet's  theory  of  complex  affinity,  that 
the  decompositions  usually  ascribed  to  the  predominance  of  e- 
lective  attractions,  arise  from  the  exertion  of  extraneous  forces, 
principally  those  of  cohesion  and  elasticity.  To  confine  the  il- 
lustration to  an  example  he  gives  :  "  If  a  solution  of  sulphate 
of  potash  be  mixed  with  a  solution  of  muriate  of  lime,  the  lime 
brought  into  contact  with  the  sulphuric  acid  will  be  more 
powerfully  influenced  by  the  force  of  cohesion  than  the  potash. 
It  is  therefore  a  force  in  addition  to  those  which  pre-existed, 
antl  determines  the  combination  of  the  sulphuric  acid  with  the 
lime,  and  the  precipitation  of  the  new  compound."  In  Hke 
manner,  the  force  of  elasticity,  especially  when  aided  by  heat, 
may  determine  the  combination  of  the  two  principles  of  two 
compounds  mixed  together  which  have  the  greatest  tendency 
to  assume  the  elastic  state,  and  thus  give  rise  to  an  exchange  of 
^rinciplesj  which  in  the  old  theory  was  ascribed  to  the  relative 
forces  of  attraction. 
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A  strong  preeumptive  propf  lhat  this  view  is  ju»t,  i»,  that  iu 
the  usvial  grdtr  of  elective  aflinitics,  superior  forces  have  been 
aBCi'ibf  J,  amonjf  the  scicls,  to  those  which  form  salt*  having  the 
greatest  tendency  to  coliesion,  ai>  thf  sulphuric,  tlie  phosphoric, 
tartaric,  and  oxalic  ;  and  among  llie  bases,  to  those  in  like  mpn. 
ner  which  form  the  least  soluble  compounds,  an  lime,  baryfei, 
and  strontiteg  j  and  in  the  very  exceptions  in  the  order  of  the 
Strength  of  afiinities  of  these  eeidg  and  basep,  we  find,  that 
where  weaker  {iffinities  have  been  ascribed  to  tliem,  it  has  been 
in  those  cases  where  they  form  solable  salts.  "  Lime,  magne» 
sia,  strontites,  and  barytes,  form  insoluble  salts  with  carbonic 
acid.  All  the  soluble  salts  of  these  earths,  mixed  with  alka- 
line carbonates,  produce  an  exchange,  from  which  result  the 
formation  and  precipitation  of  an  earthy  carbonate.  Barytes 
forms  an  insoluble  salt  with  aulpliuric  acid  :  therefore  whenever 
a  solution  of  a  sulphate  is  mixed  with  that  of  a  salt  of  barytes, 
there  will  be  a  precipitation  of  sulphate  of  barytes.  As  the 
sulphate  of  hme  is  but  little  soluble,  and  consequently  much 
disposed  to  precipitate,  hme  decomposes  all  tlie  soluble  sulphates 
to  that  term  at  which  the  precipitation  u  stopped  by  the  solu- 
bihty  of  the  sulphate  of  lime.  The  sulphate  of  lime  being  much 
more  soluble  than  the  sulphate  of  barytes,  the  salts  of  barytes, 
which  are  more  soluble  than  the  sulfihate  of  lime,  decompose 
it  *,"  The  same  relations  may  be  traced  among  the  metallic 
salts,  as  in  the  decompositions  produced  by  the  mixture  of  the 
soluble  salts  of  silver  or  lead  with  the  alkaline  or  earthy  sul- 
phates and  muriates ;  and  even  where  the  force  of  coliesion  is 
not  exerted  on  any  of  the  parts  of  the  combination  with  such 
effect  as  to  give  rise  to  precipitation,  still,  when  favoured  by 
the  evaporation  of  the  liquid  which  has  been  the  medium  of  ac- 
tion, the  superior  affinity  will  always  be  found  to  have  been  as- 
cribed to  the  constituents  of  that  salt  which  is  first  separated  by 
crystallization,  or  which,  in  other  words,  is  less  soluble.  Thus, 
in  all  these  cases,  decompositions  arising  from  the  separation  of 
substances,  in  consequence  of  their  insolubility  in  the  liquid  in 
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wViich  chemical  action  was  exerted,  Irave  been  ascribed  to  pre- 
dominance  of  affinity. 

In  like  manner,  those  acids  which  have  the  greatest  tenden- 
cy to  assume  the  elaatic  state,  have  been  considered  as  exerting 
the  weakest  affinity,  because  they  are  more  easily  separated 
from  the  combinations  in  which  they  exist,  though  their  power 
of  saturation  provca  ihem  to  be  possessed  of  energetic  affinities; 
and  the  facihty  observed  in  the  decomposition  of  their  com- 
pounds, is  rather  to  be  ascribed  to  that  volatility,  in  consequence 
of  which,  when  another  acid  is  added,  and  a  participation  of 
baso-  begins  to  tnsue,  the  volatile  acid  is  withdrawn,  and  no 
longer  opposes  resistance  to  the  action  of  the  other. 

For  the  same  reason,  in  decompositions  produced  by  heat, 
the  weakest  affinity  among  the  alkaline  or  earthy  bases  is  in  all 
the  tables  of  elective  attraction  ascribed  to  ammonia  ;  and  aniong 
the  acids  the  moat  powerful  attractions  are  assigned  to  the  sul- 
phuric and  phosphoric,  which  are  the  most  fixed. 

Relative  quantity  of  matter,  or  the  proportion  of  one  sub- 
stance to  another,  has  an  equal  influence  in  determining  these 
combinations  ;  and  BerthoUet  has  shewn  by  experiment,  that  in 
mixing  compound  salts,  w  here  cohesion  does  not  interfere  with 
much  force,  a  predominance  of  attraction  may  be  ascribed  to 
either  acid  and  base,  according  to  the  proportions  in  which  the 
substances  are  mixed  together.  Tlius,  when  two  parts  of  mu- 
riate of  lime  and  one  of  nitrate  of  potassa  were  mixed,  muriate 
of  potassa  was  obtained  by  crystallization  ;  but  when  equal 
weights  of  nitrate  of  potassa  and  muriate  of  lime  were  mixed, 
the  first  product  by  crystallization  was  nitrate  of  potassa.  From 
the  result  of  the  first  experiment,  it  would  have  been  concluded, 
that  in  these  salts  the  divellent  were  superior  to  the  quiescent 
affinities  ;  from  the  result  of  tfie  second,  the  conclusion  would 
have  been  precisely  the  reverse  *.  It  Is  likewise  shewn,  what 
must  be  of  much  importance  in  practical  chemisti-y,  that  in  cases 
of  this  kind,  where  cx.ternal  circumstances  do  not  operate  witli 
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much  force,  there  is  a  succession  of  combinations  determined  by 
the  proportions,  degree  of  solubility,  and  mutual  action  of  the 
salts,  and  different  from  each  other,  so  that  an  error  would  be 
committed  if  we  sliould  suppose  that  the  products  of  successive 
crystallizations  in  such  n.i^tures  will  be  the  same  as  the  iirst. 

From  these  facts,  there  can  be  little  room  to  doubt  of  tlic 
great  influence  of  cohesion,  elasticity,  and  proportion,  in  giving 
rise  to  the  phenomena  of  single  and  douVjle  elective  attractions ; 
and  it  is  needless  to  add  to  these  illustrations,  and  to  those  given 
in  the  text. 

But  I  am  not  certain  if  the  opinion  which  Berthollet  main- 
tains, that  these  phenomena  are  to  be  ascribed  entirely  to  these 
forces,  and  in  no  respect  to  differences  in  the  forces  of  affinity 
of  the  bodies  concerned,  is  altogether  just.  The  subject  is  dif- 
ficult and  obscure,  but  it  is  important  ;  as  much  so  indeed  as 
any  part  of  the  doctrines  of  chemistry  ;  and  it  may  be  interest- 
ing to  examine  the  grounds  on  which  his  opinion  rests. 

Its  priVnary  proposition  is,  that  if  three  or  four  substances  arc- 
brought  within  the  sphere  of  action,  whether  they  be  uncom- 
bined,  or  whether,  in  the  case  of  three  substances,  two  of  them 
may  have  been  previously  combined,  or  in  the  case  of  four,  they 
may  have  been  united,  two  and  two, — in  any  of  these  cases,  if 
no  extraneous  forces  operate,  their  affinities  will  be  rt'ciprocally 
balanced,  so  as  to  form  one  combination  ;  and  binary  combina- 
tions will  be  produced  solely  from  the  exertion  of  other  powers. 
"  When  two  bases  act  in  opposition  on  an  acid,  this  acid  divides 
itself,  or  rather  divides  its  action,  in  proportion  to  their  respec- 
tive masses  :  if  there  be  two  acids  instead  of  one,  and  if  no  se- 
paration result,  either  by  precipitation  or  crystallization,  both 
acids  will  act  equally  on  both  bases  in  proportion  to  their  re- 
spective masses.  If  each  of  the  acids  be  previously  combined 
with  a  base,  and  the  solutions  of  their  salts  be  mixed,  the  sum 
of  the  reciprocal  forces  of  the  acids  and  alkalies  will  be  the 
same  as  before."  In  mixing  potassa,  sulphuric  acid,  and  mu- 
riatic acid,  there  will,  previous  to  crystallization,  be  no  sulphate, 
nor  muriate  of  potassa,  but  the  acids  will  be  in  combination 
with  the  potassa  j  each  contributing  to  saturate  it,  in  proper- 
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tion  to  Its  affiaity  and  quantity.  If  linie  be  added,  it  will  . 
mealy  share  in  the  saturation  ;  or  if  each  of  the  acids  be  previ- 
ously combined  with  abase,  potassa,  for  example,  with  sulphu- 
ric acid,  and  lime  with  muriatic,  and  the  solutions  of  these  salts 
be  mixed,  "  the  sum  of  the  reciprocal  forces  of  the  acids  and 
alkalies  will  be  the  same  as  before  ;  no  muriate  of  potash,  or 
sulphate  of  lime  will  be  formed  ;  but  there  will  be  a  combina- 
tion of  potash,  of  hmc,  of  sulphuric  and  muriatic  acids,  which 
will  have  the  same  degree  of  saturation  as  before  the  mixture*^. 
Or,  in  another  example  given  by  J3erthollet  ;  "  In  a  solution 
of  sulphate  of  potash  and  muriate  of  soda,  these  two  salts  are 
not  distinct,  nor  do  they  become  so  until  some  c^xtraneous  cause 
produces  their  separation  ;  sulphuric  and  muriatic  acids,  potash 
and  soda  are  contained  in  the  liquid." 

On  this  rests  the  whole  question  ;  for  if  this  representation, 
that  three  or  more  substances  form  one  combination,  if  no  ex- 
ternal force  interfere,  be  just,  then  what  have  been  named  sin- 
gle and  double  elective  attractions  must  arise  entirely  from  ex- 
traneous forces,  and  differences  in  the  forces  of  affinity  cannot 
even  have  a  share  in  their  production.  But,  if  the  opposite 
supposition  can  be  admitted,  that  in  mixtures  of  this  kind  bi- 
nary combinations  will  be  formed  from  the  differences  in  the 
forces  of  their  affinities,  it  will  be  impossible  to  avoid  the  con- 
clusion, that  the  phenomena  of  complex  affinity  must  in  part 
arise  from  this  difference,  however  much  they  may  be  modified 
by  the  circumstances  which  influence  chemical  attraction. 

Now,  I  am  inclined  to  believe,  that  the  latter  hypothesis  is, 
a  priori,  equally  probable  with  the  former,  that  there  is  no  de- 
cisive evidence  in  support  of  the  proposition  which  Berthollet 
has  assumed,  and  nothing  in  the  phenomena  incompatible  with 
the  opposite  opinion. 

If  all  bodies  had  abstractly  the  same  forces  of  affinity,  it  is 
obvious,  that  when  three  or  more  of  them  are  placed  together, 
nothing  but  extraneous  forces  could  determine  them  to  unite 
in  binary  compounds.    But  this  supposition  need  not  be  consip 
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dered,  since  it  is  acknowledged,  tliat  independent  of  external 
circunnstanccs,  their  forces  of  aflinity  are  different.  With  this 
admission,  let  us  consider  whiit  may  be  the  result,  if  more  than 
two  substances,  differing  in  the  force  of  their  affinity,  are  pre- 
sented to  each  other ;  and  let  the  example  of  single  elective  at- 
traction, as  it  has  been  termed,  or  of  three  substances,  two  of 
which  have  attractions  to  the  other,  be  first  selected  as  the 
more  simple  one. 

Suppose  two  acids  present  with  one  base  ;  it  is  admitted,  that 
the  forces  of  affinity  of  these  acids  to  the  base  are  very  diffe- 
rent.. May  not  this  determine  the  manner  and  proportion  in 
which  they  combine,  or  cause  the  acid  which  has  the  stronger 
affinity  to  combine,  principally  with  the  base,  independent  of 
any  external  force?  If  the  compound  thus  formed  have  much 
tendency  to  cohesion,  it  will  separate ;  but  it  does  not  follow 
that  its  cohesion,  as  the  language  of  BerthoUet  imphes,  is  the 
•  cause  of  its  formation.  This  may  be  determined  by  the  supe- 
rior  force  of  affinities  in  its  principles ;  and  it  is  only  the  sepa- 
ration of  it  from  the  sphere  of  action  that  is  produced  by  the 
cohesive  power.  It  might  even  happen  that  the  compound, 
the  principles  of  which  are  united  by  the  weakest  attraction, 
has  the  greatest  cohesion,  and  its  separation  will  take  place. 

Or  suppose  a  case  of  complex  affinity,  two  acids  and  two 
bases  being  present,  what  will  be  the  result  ?  If  no  foreign  force 
is  exerted,  says  BerthoUet,  they  will  form  one  combination, 
both  acids  contributing  to  the  saturation  of  both  the  bases ; 
but  if  such  a  force  interfere,  it  will  give  rise  to  binary  combi- 
nations, which  at  the  same  time,  from  the  exertion  of  that 
force,  whether  of  cohesion  or  elasticity,  will  become  apparent. 
Now  this  conclusion,  it  may  perhaps  be  alleged,  is  not  altoge- 
ther clear;  on  the  contrary,  binary  combinations,  it  may  be  sup- 
posed, nnay  be  determined  by  the  different  forces  of^  affinity  a- 
lone.  Suppose  one  of  the  acids  has  a  stronger  attraction  to 
one  of  the  bases  than  the  other  acid  has ;  and  suppose  also  that 
the  latter  acid  has  a  stronger  attraction  to  the  base  to  which 
the  other  acid  has  a  weak  affinity ;  will  not  the  result  of  this 
be,  that  the  acids  will  be  divided  between  these  bases  in  pro- 
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portion  to  their  affinities  towards  them  ?  There  may  he  some 
participation,  but,  from  these  different  forces  being  exerted,  it 
appears  to  follow,  that  the  one  acid  will  be  combined  princij)al- 
ly  with  the  one  hare,  the  othej-  with  the  other,  and  thus  give 
rise  to  binary  combinations,  or  at  least  to  combinations  in  which 
these  two  principles  predominate,  and  in  which,  indeed,  if  there 
be  certain  proportions  between  the  quantities  and  relative  affini- 
ties, they  alone  will  exist.  It  may  be  granted,  that  if  no  cohe- 
sion or  elasticity  is  exerted,  these  binary  compounds  will  not 
appear,  for  there  is  scarcely  any  properly  by  which  they  can 
be  detected.  But  it  may  be  maintained  that  they  must  be 
formed  ;  and  it  is  their  appearance  only,  not  their  production, 
that  is  determined  by  the  exertipn  of  elasticity  or  cohesion. 
Hence  is  explained,  as  well  on  this  hypothesis,  as  on  that  of 
BerihoUet,  the  observation,  which  he  regards  as  so  favourable 
to  his  opinion, — that  in  complex  affinity,  the  prevailing  at- 
traction has  always  been  ascribed  to  those,  substances  which 
form  a  compound  that  passes  to  the  solid  or  to  the  elastic  form  ; 
for,  in  other  cases,  though  the  binary  compounds  might  be 
formed,  they  would  not  be  obtained  insulated,  and  therefore 
the  predominance  of  affinity  would  not  be  observed. 

The  only  cause  that  occurs  to  me  that  can  be  assigned  as 
preventii>g  binary  combinations,  is  the  aflinity  which  i.i  the  mix- 
ture of  two  compound  salts  the  bases  may  reciprocally  exert, 
and  the  affinity  which  the  acids  may  also  exert  to  each  other, 
which  may  counteract  the  affinity  of  the  one  base  to  the  one  acid, 
and  of  the  other  to  the  other,  and,  added  to  what  may  be  na- 
med the  quiescent  affinities  of  the  acids  to  the  bases,  prevent  the 
divellent  ones  from  operating,  and  be  balanced  so  as  to  produce 
one  combination.  But  this,  it  is  evident,  must  depend  on  the 
forces  of  these  affinities,  and  they  in  general  appear  weak.  Ad- 
mitting that  they  may  be  in  some  cases  sufficiently  powerful 
to  prevent  the  binary  combinations  of  the  acids  and  bases,  it  is 
not  to  be  assumed,  nor  indeed  is  it  probable,  that  they  will  al- 
ways be  so  ;  and  where  they  are  not,  binary  combinations  must, 
according  to  the  principles  above  stated,  be  established  from 
the  different  affinities  of  the  acids  to  the  bases. 


BerthoUet  has  stated,  what  he  considers  as  a  proof  of  hi», 
opinion,  that  "  when  two  compound  salts  are  mixed,  the  inutu 
decomposition  of  which  would  produce  cofinbiiiations  of  very 
diffrrent  proportions,  neither  a  redundance  of  acid  or  of  base, 
which  should  necessarily  result  from  such  decomposition,  czit. 
be  observed.  This  has  been  very  judiciously  observed  by  Guy- 
ton.    A  change  of  base  therefore  does  not  take  place*." 

But  in  this  argument  it  is  taken  for  granted,  that  we  know 
with  accuracy  the  proportions  of  the  constituent  principles  of 
these  salts,  which  we  certainly  do  not  do  ;  and  the  result  ob- 
served by  Guyton  is  a  proof  of  this,  not  strictly  a  proof  that 
there  has  been  no  exchange  of  base.  Indeed  the  mutual  satu- 
ration ought  to  remain  the  same,  whether  one  combination  or 
two  binary  ones  be  formed,  because  the  sum  of  the  reciprocal 
forces  of  the  acids  and  bases  remains  the  same,  at  least  unless 
one  of  the  salts  has  a  strong  tendency  to  form,  either  with  ait 
excess  of  acid  or  of  base.  The  base  which  is  combin.-d  with 
the  weaker  acid,  will  require  a  larger  quantity  of  tliat  acid  for 
its  saturation,  proportioned  to  the  wcakntss  of  the  acid  ;  and- 
therefore,  when  it  parts  with  that  acid,  and  receives  the  strong- 
er one,  though  there  may  be  a  smaller  proportion  of  that 
stronger  one,  this  will  still  produce  the  saturation,  and  prevent 
an  excess  of  base,  and,  on  the  other  hand,  the  base  with  which 
this  latier  was  united,  will  require  the  larger  quantity  of  the 
weaker  acid  for  its  saturation,  and  there  can  therefore  be  no 
excess  of  acid.  If  calculations  from  the  proportions  of  the  in- 
gredients of  the  salts  mixed  shew  that  there  ought  to  be  an  ex- 
cess of  either,  this  only  proves  that  the  proportions  have  been 
inaccurately  fixed. 

The  question  can  only  be  determined  by  the  comparative 
probability  of  the  respective  assumptions  ci  priori;  for  it  is 
scarcely  possible  to  prove  either  by  experiment.  Whether  bi- 
nary compounds  rie  formed  in  a  liquid  or  not,  can  be  known 
only  from  their  separation  ;  and  when  this  happens,  it  must,  oa 
cither  hypothesis,  be  ascribed  to  the  force  of  cohesion  or  elasr 
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ticity  ;  so  that  we  cannot  say  whether  they  had  existed  previ- 
ous  to  the  exertion  of  tiiat  force.  And,  on  the  other  hand,  if 
there  is  no  separation,  by  what  property  or  appearance  shall  we 
discover  whether  the  principles  exist  in  a  mutual  state  of  satu- 
ration forming  one  compound,  or  whether  they  form  principally 
binary  compounds,  which  remain  in  solution  ? 

In  recurring,  therefore,  to  the  comparative  probability  of  the 
hypotheses,  it  appears  to  me,  that  if  four  substances  are  brought 
together,  a  difference  in  the  forces  of  their  aflanities  may  prevent 
an  uniform  combination,  and  by  causing  those  which  have  the 
strongest  affinity  to  combine  form  binary  compounds.  Nor 
does  this  hypothesis  exclude  the  influence  of  those  circum- 
stances, which  Berthollet  has  so  clearly  proved  have  so  great  a 
share  in  the  production  of  the  phenomena  of  what  have  been 
named  Single  and  Double  Elective  Attractions.  They  v>ill 
either  copcur  with  them  in  the  formation  of  the  compounds,  or 
counteract  their  exertion  ;  and  the  phenomena  are  not  incom- 
patible with  the  conclusion,  that  they  arise  from  these  forces, 
exerted  under  these  reciprocal  modifications.  The  commence- 
ment of  the  combinations  will  arise  from  the  differences  in  the 
forces  of  affinity  ;  while  if,  on  any  of  the  binary  combinations 
thus  formed,  cohesion  or  any  other  force  producing  its  separa- 
tion be  exerted,  this  will  favour  the  completion  of  the  combina- 
tion, by  withdrawing  the  principles  from  the  action  of  the  others. 

If,  on  the  other  hand,  we  consider  more  closely  Beithollet's 
theory  of  compkx  affinity,  that  binary  combinations  arise  solely 
from  the  exertion  of  extraneous  forces,  some  difficulties  may  be 
urged  against  it,  which  the  admission  of  the  influence  of  the 
different  forces  of  affinity  will  even  remove. 

Thus,  on  the  assumption,  that  when  four  substances  are  pre- 
sented to  each  other,  they  would  form  a  simultaneous  combina- 
tion, were  not  some  external  force,  that  of  cohesion  for  exam- 
ple, exerted,  it  is  difficult  to  discover  how  it  caii  operate  in  gi- 
ving rise  to  binary  combinations.  This  operation  may  be  con- 
,ceived  to  be,  either  on  the  firiucijiUs  of  the  combination  causing 
those  two  wrhich  have  the  greatest  tendency  to  cohesion  to  com- 
bine together,  or  on  the  com/iomH  itself  producing  its  separation, 
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und  thus  removing  the  resistance  which  might  be  opposed  la 
the  progress  of  the  combination,  if  it  remained  within  the  sphere 
of  action.  It  is  not  very  clear,  from  the  language  of  lit  itho!- 
let,  under  which  of  these  views  he  regards  the  influence  of  co- 
liesion.  But  I  believe  I  may  affirm,  that  either  of  them  is  in. 
adequate  to  the  explanation  of  the  phenomena  of  complex  af. 
linity,  on  tlie  assumptions  that  the  relative  forces  of  affinity  iiavc 
no-3hare  whatever  in  giving  rise  to  binary  combination,  that  the 
tendency  always  is  to  form  a  single  combination  with  affinities 
mutually  balanced,  and  that  binary  compounds  r;re  formed  en- 
tirely by  the  exertion  of  an  external  force. 

Thus,  to  consider  the  influence  of  cohesion  under  the  first 
point  of  view,^ — ^that  of  four  principles  presented  to  each  other 
in  a  common  fluid,  the  two  which  have  the  strongest  tendency 
to  cohesion,  will,  from  this  circumstance,  be  those  which  will 
be  combined,  we  do  not  perceive,  since  all*  the  substances  are  in 
a  state  of  solution,  how  the  cohesion  alone  can  combine  two  of 
them.  The  immediate  result  of  their  attractions,  it  is  said,  is 
to  form  one  combination.  From  the  density  resulting  from 
that  combination,  such  an  addition  might  be  made  to  the  force 
of  cohesion  as  to  cause  it  to  separate  ;  but  we  perceive  no  rea- 
son why  this  should  give  rise  to  the  binary  combination  ;  while, 
if  that  con;bination  were  determined  by  the  superior  force  of  af- 
finity, it  is  easy  to  perceive  that  the  sepa.ation  of  the  compound 
might  be  produced  in  consequence  of  the  accrued  condensation. 
Nor  in  appealing  to  fact  do  we  find  that  in  such  mixtures  the 
principles  which  are  combined  together  are  always  those,  which, 
in  their  insulated  state,  have  the  greatest  tendency  to  cohesion. 
They  som.etimes  are  so,  as  for  example  in  adding  to  muriate  of 
barytes  phosphate  of  soda,  where  the  two  principles,  which,  in 
their  insulated  state,  have  the  greatest  tendency  to  cohesion, 
the  phosphoric  acid  and  the  barytes,  are  those  which  combine. 
'But,  in  many  other  cases,  this  cannot  be  observed.  Thus,  in 
mixing  solutions  of  nitrate  of  silver  and  murhite  of  sod;i,  could 
it  be  inferred,  on  this  principle,  that  the  muriatic  acid  and  the 
oxide  of  silver  should  be  those  which  are  combined  ?  The  oxide 
of  ;8ilveT  is  of  the  four  substances  no  doubt  the  one  least  soln- 
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ble  in  the  fluid  which  is  the  medium  of  action,  or  which  has, 
under  the  circumstances  which  are  present,  tlie  greatest  ten- 
dency to  cohesion  ;  and,  therefore,  on  the  hypothesis,  it  might 
be  predicted  that  it  would  enter  into  the  composition  of  tlie 
compound  which  is  precipitated;  but  of  the  two  acids  we  should 
have  no  reason  to  suppose,  independent  of  the  influence  of  the 
force  of  affinity,  that  the  muriatic  would  be  the  one  with  which 
it  would  combine,  but  the  reverse  ;  fen-,  of  these  acids,  the  ni- 
tric is  the  one  which  has  the  greatest  tendency  to  cohesion,  as 
is  shown  by  it  being  easily  condensed,  and  being  ev^  n  suscepti- 
ble of  congelation  from  cold,  which  the  muriatic  is  not.  Though 
the  compound,  therefore,  of  muriatic  acid  and  oxide  of  silver  has 
more  tendency  to  cohesion  than  that  of  nitric  acid  and  oxide-  of 
silver,  it  cannot  be  said,  that  previous  to  the  combination,  the 
sum  of  the  forcer,  of  coiicsion  of  the  two  former  is  superior  to 
that  of  the  two  latter. 

This  leads  to  the  consideration  of  the  other  point  of  view, 
under  which  the  influence  of  cohesion  on  the  results  of  complex 
affinity  may  be  regarded, — that  of  four  principles,  the  two 
.which  will  be'combined  (leaving  of  course  the  other  two  also 
in  binary  combination)  are  those  which  form  an  insoluble  com- 
pound. This  no  doubt  accords  much  better  with  fact^-..  But, 
in  adopting  this  view,  we  at  once  fail  into  the  absurdity  of  as- 
signing a  property  of  a  compound  as  the  cause  of  the  formation 
of  that  comjround.  If  the  result,  independent  of  foreign  forces, 
is  to  form  an  individual  combination,  it  is  obvious  that  this 
cannot  be  disturbed  by  any  force  which  would  appear,  if  that 
combination  were  subverted,  and  binary  compounds  formed. 
There  must  be  some  cause  first  to  produce  these  compounds 
before  any  influence  can  arise  from  any  property,  of  which, 
when  they  are  formed,  they  are  posst  ssed.  It  is  not  possible, 
by  any  additional  illustration,  to  place  this  in  a  clearer  light. 

From  the  preceding  observations  i  would  consider  it  as  very 
doubtful,  whether  BcrthoUet  has  not  extended  too  far  the  prin- 
'ciple  on  which  his  theory  of  complex  affinity  is  established. 
Although  cohesion  and  other  external  forces  may  influence  the 
results,  it  may  well  be  doubted  if  they  are  the  sole  cause  of 
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them,  as  that  theory  assumes.  It  is  admitted,  tliat  there  are 
difFcrcnccs  in  the  abstract  forces  of  affinity,  as  exerted  by  dif. 
ferent  substances.  When  three  or  four  substances  are  mixed 
togtihcr,  such  difit^rences  must,  we  should  imagine,  determine 
them  to  fi)rm  binary  combinations,  and  prevent  a  simultaneouf 
combination  with  mutual  saturation  ;  and  although  cohesion  or 
elasticity  may  co-operate  with  these  affinities,  or  irj  other  case- 
may  counteract  them,  still  the  effects  which  result  are  not  to 
be  ascribed  entirely  to  their  operation,  but  in  part  to  the  dif- 
ferences in  the  forces  of  affinity  which  are  allowed  to  exist. 

The  determination  of  the  question  would  be  of  considerable 
importance,  not  only  in  a  theoretical  point  of  view,  but  also  in 
practical  chemistry  ;  for,  if  we  exclude  causes  which  have  a 
sh  are  in  the  production  of  these'  phenomena,  important  errors 
may  be  committed  :  if  we  ascribe  entirely  to  cohesion  or  elas- 
ticity what  is  paVtly  due  to  these  powers,  modified  by  respec- 
tive forces  of  affinity,  we  are  led  aside  from  the  just  view  of  the 
causes  of  the  phenomena  :  we  may  assume  false  data,  by  con- 
sidering as  simple  what  is  in  reality  complicated  ;  aijd  we  may 
neglect  what  in  many  cases  are  truly  the  productive  forces,  and 
rely  upon  others  which  are  of  less  importance. 

G,  (p.  124>.J  From  the  preceding  discussion  it  will  be  ob- 
vious, that  no  question  can  be  more  interesting,  nor  is  there 
one,  the  solution  of  which  would  afford  more  important  appli- 
cations, than  that  which  relates  to  the  absolute  forces  of  af- 
finity possessed  by  bodies  ;  at  the  same  time  there  is  none 
more  difficult.  lu  the  text  I  have  given  an  account  of  the 
methods  that  had  formerly  been  proposed  ;  mentioned  their 
deficiency  ;  and  added  the  general  principle,  the  results  of  Mr 
Kirwan's,  labours,  from  which  it  has  been  supposed  the  mea- 
sure of  the  forces  of  affinity  may  with  most  probabihcy  be  de- 
duced.   On  this  subject  I  have  still  to  add  a  few  details. 

1\mong  the  chemical  properties  of  bodies,  there  is  frequent- 
ly one  which  is  predominant,  and  which  gives  to  the  substance^ 
possessing  it  a  common  and  well-mai-ked  character.  Ot  these 
characteristic  properties  some  are  opposed  to  each  other  ;  one 
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class  of  substances  possessing  one,  another  possessing  precisely 
the  opposite.    Thus  the  characteristic  properties  of  the  class 
1  of  acids  are  the  reverse  of  those  of  the  class  of  alkalies.   Tu  the 
combination  of  two  bodies  belonging  to  thebe  opposite  cla-scs, 
the  adverse  propcrt-es  neutralize  each  other  with  reciprocal 
j  force,  and  at  a  certain  stage  they  disappear,  or  a  compound  is 
!   formed  in  which  neither  predominates.    This  stage  is  termed 
the  point  of  neutraHzation  or  saturation,  and' the  two  bodies 
combined  in  this  proportion  are  said  to  have  neutrahzed  each 
other,  or  to  be  mutually  saturated. 

Now,  this  power  of  producing  neutralization  may  be  consi- 
dered as  arising  from  the  force  of  aflii.iiy  which  the  body  ex- 
erts, and  may  therefore  be  n  garded  as  a  measure  of  that  force. 
This  view  occurred  to  Mr  Kirwan  ;  though  in  order  to  recon- 
cile the  principle  with  the  established  order  of  elective  attrac- 
tions, he  adopted  it  only  partially.  In  making  experiments  on 
the  composition  of  the  neutral  salts,  he  discovered  that  a  rela- 
tion subsisted  between  the  quantities  of  these  substances  neces- 
sary to  produce  reciprocal  saturation,  and  their  apparent  forces 
of  affinity  ;  and  in  prosecuting  his  experiments  he  was  led  to 
tstablish  the  following  principles: — First,' That  the  quantity 
of  real  acid  necessary  to  saturate  a  given  weight  of  each  base, 
is  inversely  as  the  affinity  of  the  base  to  the  acid  ;  and,  second- 
ly. That  the  quantity  of  each  base  requisite  to  saturate  a'  gi- 
ven quantity  of  each  acid,  is  directly  as  the  affinity  of  the  acid 
to  the  base.  The  quantities  of  the  different  bases  requisite  to 
saturate  equal  quantities  of  the  three  principal  acids,  according 
to  these  experiments,  are  given  in  the  following  table  *. 
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*  Philosophical  Transactions,  vol.  Ixxiii.  p.  38. 
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In  this  table,  the  gradations  in  the  quantities  necessary  for 
saturation,  correspond  with  the  differences  suppesed  to  exist  a. 
moiig  these  bodies  in  the  forces  of  their  attractions ;  and  Mr 
Kii  ..van  concUidod,  that  these  numbers  might  be  regarded  as 
expressing  the  relative  forces  of  these  iifTniities.  Thus  the  afFi- 
iiity  of  potassa  to  sulphuric  acid,  being  215,  that  of  soda  to  the 
$ame  acid  will  be  165,  and  that  of  lime  110.  He  showed  also 
that  they  correspond  with  actual  decompositions.  Thus,  cn 
mixing  nitrate  of  lime  and  sulphate  of  potassa,  a  double  de- 
composition ensues  ;  and  that  this  would  be  the  case  might  be 
predicted  from  Mr  Kirwan's  t-ble,  which  shows  the  divellent 
affinities  to  be  superior  to  the  quiescent  ;  the  former,  those  of 
nitric  acid  to  potassa,  and  of  sulphuric  acid  to  Hme,  being 
215  H-  110  =  325  ;  while  the  latter,  those  of  sulphuric  acid 
to  potassa,  and  nitric  acid  to  lime,  are  only  215  +  96  =  311. 

But  if  we  proceed  to  examine  the  numbers  given  in  this  ta- 
ble by  this  test,  we  do  not  always  find  this  correspondence;  on 
the  contrary,  decompositions  happen  on  mixing  compound  salts 
together,  which  ought  not  to  take  place  were  the  numbers 
just,  of  which  Guyton,  under  the  article  yljinitey  Encyclopedie 
Methodique,  gave  several  examples. 

This,  however,  does  not  prove  the  fallacy  of  the  principle 
on  which  the  method  is  founded,  since  such  deviations  might 
arise  from  errors  in  the  estimation  of  the  proportions  of  the  in- 
gredients of  the  compound  salts,  or  of  the  quantities  of  acid 
and  base  requisite  for  mutual  saturation,  and  there  can  now  be 
no  doubt  of  the  existence  of  such  errors.  The  numbers  were 
deduced  from  experiments,  which  were  not  only  liable  to  im- 
portant sources  of  fallacy,  but  which  were  farther  vitiated  by 
having  been  combined  with  assumptions  which  Mr  Kirwan  has 
since  acknowledged  to  be  iuaccurate.  Resuming  his  labours, 
he  accordingly  gave  corrected  and  more  extensive  tables,  in 
which  the  numbers  are  entirely  different,  first  in  the  fourth  vo- 
lume of  the  Transactions  of  the  Irish  Academy,  and  after- 
wards, with  some  additional  corrections,  in  the  seventh  volume 
of  the  same  work.    The  latter  tables  I  shall  transcribe. 
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Though  tlie  i^roportious  given  in  these  tables  probably  ap. 
proach  much  more  to  the  real  proportions  than  ihoBe  given  in 
the  pi-eceding  one,  it  rhay  still  be  doubted  whether  tHey  are 
perfectly  correct.  Some  just  observations  on  the  errors  at. 
tached'to  the  methods  Mr  Kirwan  employed  in  these  ihvesti- 
gatioiis  al-e  made  by  Berthollet  *  ;  and  if  their  accol-din^  with 
the  ordei'  of  decompositions  were  a  proof  of  their  accuracy,  he 
has  given  some  examples  which  do  not  stand  this  proof.  It  is 
known,  for  exainple,  thht  on  mixing  muriate  of  barytes  with 
sulphate  of  potassa,  there  is  an  exchange  of  base  ;  yet,  accord- 
ing to  the  preceding  table,  the  quiescent  affinities  afe  superior 
to' the  divellent,  the  former  being  314.46+  121.48  =  435.94, 
while  the  latter  are  only  177.C  +  200  =  377.6. 

Guytori  had  on  this  subject  proposed  a  mode  of  verification 
extrenlely  simple,  and  which  appears  to  be  just.  observes, 
thiat  when  two  neutral  salts  in  solution  are  mixed  together,  and 
a  double  decomposition  insufes,  the  result  of  the  mixture  must 
be,  eitlier  that  it  remains'  neutral,  or  that  it  has  an  excess  either 
of  acid'or  of  base.  If  if  be  fouiVd  from  the  tables  which  have 
been  given  of  the  propbr'tions  of  salts,  what  quantities  of  acid 
and  of  base  are  contained  in  each  of  the  salts  mixed  in  such  an 
experiment,^  and  what  quantities  of  acid  and  of  base  are  con- 
tained in  each  of  the  new  salts  that  are  formed,  oti  a  double 
decomposition  ensuing  dn  their  mixture,  it  is  e^asy  t'o  discover 
whether  in  the  original  salts  there  was  more  or  less  of  each  a- 
cid  than  \i\rc\t  would  be  requisite  to  saturate  each  of  the  bases 
in  the  new  salts,  and  of  course  whether  the  compounds  should 
be  neutral,  or  should  have  an  excess  of  acid  or  base.  If,  on 
making  the  experiment,  tlie  result  do  not  accord  with  the  re- 
sult obtained  by  the  calculation,  it  follows,  that  the  estinftate  in 
the  proportions  of  one  or  both  of  tlie  salts  must  be  incbrrect. 
Proceeding  on  this  principle,  he  has  made  some  experiments 
with  a  view  of  ascertaining  the  accuracy  of  the  tables  of  the 
composition  of  neutral  salts  given  both  by  Bergman  and  Mr 
Kirwan.    Thus,  referring  io  Mr  Kirwan's  table,  published 
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>\  1791  *>  the  following  are  the  proportions  of  acid  and  base  re- 
ii   quisite  for  mutual  saturation  in  the  following  salts. 

Sulphate  of  magnesia,  100  of  acid,  56.6  of  magnesia. 

Sulphate  of  soda,  100  of  acid,  70    of  soda. 

Muriate  of  soda,  100  of  acid,  68.5  of  soda. 

Muriate  of  magnesia,  100  of  acid,  46.3  of  magnesia.' 

Now,  when  solutions  of  muriate  of  magnesia  and  sulphate  of 
.  «oda  are  mixed  together,  there  is  an  exchange  of  base.  Guy- 
ton,  on  making  the  experiment,  found  also  that  the  mixture 
remained  perfectly  neutral,  Let  us  apply  the  calculation  then 
to  discover,  if,  from  the  preceding  numbers,  regarding  them 
as  the  proportions  of  the  constituent  parts  of  these  salts,  this 
ought  to  have  been  the  case. 

The  muriate  of  magnesia,  according  to  the  table  referred  to, 
exclusive  of  water,  consists  of  100  of  acid,  and  46.3  of  mag- 
nesia. This  quantity  of  magnesia,  in  combining  with  sulphu- 
ric acid,  will  require  only  81,802  of  that  acid  ;  for  sulphate  of 
magnesia,  according  to  the  table,  consists  of  56.6  of  magnesia 
and  100  of  acid,  and  46.3  is  to  81.802  as  56.6  is  to  100.  But 
if  this  new  combination  abstract  only  81.802  of  sulphuric  acid, 
no  more  than  57.261  of  soda  will  be  set  at  liberty,  this  being 
in  the  relation  of  100  of  acid  to  70  of  base  in  the  sulphate  of 
soda.  Now  it  appears  from  the  table,  that  68.5  of  soda  are 
necessary  to  saturate  100  of  muriatic  acid  ;  but  as  there  is  only 
set  at  liberty  a  quantity  of  soda  capable  of  neutrahzing  83.892 
parts,  there  must  remain  16.408  unsaturated,  which  ought  to 
communicate  acidity  to  the  mixture.  This  however  remains 
iaeutral,  and  therefore  the  proportions  in  some,  or  perhaps  in 
all  of  these  salts,  must  be  wrong.  Guyton  finds  the  same  re- 
sult in  another  example  from  Mr  Kirvvan's-^table,  that  of  the. 
decomposition  of  sulphate  of  potassa  and  nitrate  of  limef .  The 
numbers  denoting  the  proportions  of  the  salts,  are  in  both  cases. 


*  Transactions  of  the  Irish  Academy,  vol.  iy.  p.  68. 
t  Mcnioires  de  I'lnstitut  National,  t«m.  «.  p.  333. 
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different  in  Mr  Kirvvan's  last  table ;  but  still,  on  applying  to 
it  this  mode  of  verification,  similar  general  results,  with  devia- 
tions even  greater,  will  be  obtained,  as  BertLoUet  has  shown 
by  several  examples*. 

The  fact  on  which  this  mode  of  verification,  so  happily  con- 
ceived by  Guytdn,  rests,  that  a  change  in  the  state  of  satura- 
tion  does  not  happen  on  mixing  solutions  of  compound  sahs, 
appears  to  have  been  first  attended  to  by  Richter,  of  whose 
observations  a  short  account  is  given  by  Fischer,  in  a  note  at 
the  end  of  Berthollet's  treatise  f-  Berthollet  himself  has  sub- 
jected it  to  experiment,  and  has  found  it  to  hold  true,  where 
salts  are  not  formed  having  a  tendency  to  exist  with  an  excess 
of  acid  or  of  base  ;  and  he  has  also  applied  it  to  various  salts, 
the  proportions  of  which  are  given  in  Mr  Kirwan's  table,  and 
with  results  similar  to  those  stated  by  Guyton  J.  No  tables 
of  this  kind  can  be  relied  on,  which  are  not  verified  by  this 
method,  so  that  the  proportions  assigned  correspond  with  the 
results  of  such  experiments. 

The  principle,  however,  which  results  from  these  facts,  is 
highly  important,  and,  as  is  observed  by  Berthollet,  must  a- 
bridge  the  labour  of  ascertaining  the  proportions  of  such  com- 
pounds. The  principle  is,  that  there  exists  an  uniform  relation 
of  quantity  between  the  acids  in  their  combinations  with  the 
different  bases  in  producing,  saturation.  The  same  base,  in  its 
relations  to  tlte  different  acids,  (and  a  similar  proposition  ap- 
plies equally  to' the  acids  in  their  relations  to  the  bases),  will 
require,  if  the  ^expression  may  be  allowed,  the  same  expenditure 
of  acid  power  for  its  saturation  ;  so  that  if  it  require  a  Igrge 
quantity  of  an  acid  having  a  weak  affinity,  it  will  require  fot, 
the  same  effect  a  proportional  small  quantity  of  an  acid  having 
a  stronger  affinity.  Hence,  if  two  neutral  salts  are  mixed  to- 
gether, the  base  in  each  must  have  combined  in  it  the  same 
quantity  of  acid  power  ;  and  tlierefore,  after  the  mixture,  the 
state  of  saturation  must  be  as  before.  If,  for  example,  sul- 
phuric acid  be  combined  with  potassa,  and  muriatic  acid  with 
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lime,  each  to  saturation,  forming  two  neutral  salts  ;  on  mixing 
them,  if  an  exchang  of  bases  happen,  tlie  quantity  of  potassa, 
which  was  saturated  by  a  certain  quantity  of  sulphuric  acid, 
will  require  such  a  quantity  precisely  of  muriatic  acid  that  the 
lime  left  by  that  acid  will  also  be  saturated  by  the  sulphuric 
acid  which  the  sulphate  of  potassa  had  yielded  ;  at  least  this 
will  betthe  case,  unless,  where  triple  salts  are  formed,  or  where, 
from  the  influence  of  external  circumstances,  one  of  the  com- 
pounds forms  with  an  excess  of  acid  or  base.  Excluding  these 
circumstances,  BerthoUet  remarks,  that  to  determine  the  com- 
position of  neutral  salts,  "  nothing  more  is  required  but  to  de- 
termine with  care  the  proportions  of  an  acid  with  the  different 
alkaline  bases  ;  it  will  then  be  sufficient  to  ascertain  the  pro- 
portions of  a  single  combination  of  each  of  the  other  acids  with 
an  alkaline  base,  taking  that  which  is  the  most  convenient  for 
experiment,  and  an  easy  calculation  will  give  the  proportions 
of  all  the  others 

Besides  the  table  of  Kirwan,  which  at  least  presents  approx- 
imations to  the  real  proportions,  I  may  insert  in  this  place  one 
calculated  by  Fischer  from  Richter's  experiments,  which,  al- 
though the  accuracy  of  the  numbers  may  be  regarded  as  more 
doubtful,  is  of  value  from  the  simplicity  of  its  construction, 
and  as  at  once  pointing  out  the  powers  of  saturation  in  the 
different  acids  and  bases.  This  table  consists  of  two  columns, 
one  composed  of  the  acids,  the  other  of  the  alkalis  and  earths, 
with  numbers  annexed  to  each.  It  is  thus  to  be  understood : 
If  an  article  in  one  of  the  columns  be  taken,  suppose  potassa 
in  the  first,  to  which  the  number  1605  belongs,  the  numbers 
affixed  to  the  names  of  the  substances  in  the  other  column  will 
show  how  much  of  each  of  these  is  requisite  to  saturate  these 
1605  parts  of  potassa :  they  will  require,  for  example,  427  of 
fluoric  acid,  577  of  carbonic  acid,  &c.  If,  again,  we  take  aa 
article  of  the  second  column,  the  first  will  indicate,  in  the 
same  manner,  how  much  earth  or  alkali  will  be  required  to 
jieutrahze  it  f . 
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Bases. 

Acids. 

Argil, 

525 

Fluoric, 

427 

Magnesia, 

615 

Carbonic, 

577 

Ammonia, 

672 

Sebacic, 

706 

Lime, 

793 

Muriatic, 

712 

Soda, 

OOC7 

Oxalic, 

loo 

Strontites, 

1329 

Phosphoric, 

979 

Potassa, 

1605 

Formic, 

988 

Barytes, 

2222 

Sulphuric, 

1000 

Succinic, 

1209 

Nitric, 

1405 

Acetic, 

1480 

Citric, 

1683 

j  Tartareous, 

1694 

It  is  easy  by  calculation  to  reduce  these  numbers  in  any  ex- 
ample to  100  parts.  From  some  observations  formerly  made 
by  Mr  Kirwan  on  Richter's  experiments  *,  there  appears  how- 
ever to  be  much  reason  to  doubt  of  the  correctncoS  of  the  num- 
bers that  have  been  deduced  from  them. 

In  these  tables,  either  Kirvsran's  or  Richter's,  it  will  be  ob- 
vious, that  the  correspondence  between  the  quantities  of  the 
respective  substances  necessary  for  saturation,  and  the  common 
orders  of  their  affinities,  does  not  exist ;  and  if  the  numbers  be 
applied  to  denote  the  sti-engths  of  affinity,  they  will  often  ap- 
pear at  variance  with  the  results  of  experiment.  This  occur- 
red to  Mr  Kirwan,  and,  in  consequence,  he  appeared  to  have 
relinquished  the  hope  of  attaining  by  this  method  the  solution 
of  tlie  original  problem. 

The  views  of  BerthoUet,  however,  throw  more  light  on  thi« 
subject  ;  their  tendency  is  to  prove,  that  were  the  numbers 
more  remote  than  they  are  from  the  usual  order  of  elective  at- 
tractions, this  is  no  proof  that  they  may  not  express  the  real 
forces  of  affinity.  In  attempting  to  solve  this  problem,  the 
hypothesis  hitherto  proceeded  on  has  been,  that  affinity  is  an 
invariable  force,  not  influenced  by  adventitious  circumstances, 


*  Transactions  of  the  Irish  Academy,  vol.  vii.  p.  286. 
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and  that  the  order  of  attractions,  drawn  from  the  usual  decom- 
positions, is  the  real  order  of  the  forces  of  affinity.  Hence  the 
attempt  has  been  always  made  to  approach  to  this  as  nearly  as 
possible,  and  the  attainment  of  this  hns  been  regarded  as  the 
test  of  the  justness  of  the  solution.  Chemists  must  now  be 
convinced  that  this  is  a  mistake.  The  common  order  of  elec- 
tive attractions, — 'that,  for  example,  which  considers  the  affini- 
ties of  sulphuric  as  superior  to  those  of  nitric  acid,  and  those 
of  nitric  to  those  of  muriatic,  or  the  affinities  of  potassa  as  more 
powerful  than  those  of  soda,  and  those  of  soda  than  those  of 
ammonia, — has  been  deduced  from  a  scries  of  decompositions, 
which  arise  not  merely  from  different  strengths  of  affinity,  but 
from  these  modified  by  various  external  forces.  sHence  attrac- 
tions, vvhich,  from  the  influence  of  these  forces,  appear  in  ex- 
periment strong,  may  be  weak  ;  and  others,  which,  from  the 
operation  of  the  same  causes,  appear  fe(?ble,  may  be  compara- 
tively strong  ;  nor,  if  the  real  order  of  tlie  forces  of  affinity 
should  be  deduced  from  any  principle,  is  there  any  reason  to 
expect  that  it  should  correspond  with  the  order  of  elective  at- 
tractions. 

Berthollct  has  therefore  adopted  ihe 'broad  principle,  which 
we  have  already  stated, — tliat  the  power  of  saturating  opposing 
properties,  is  the  result  of  the  force  of  affinity  ;  and  this  leads 
him  to  arrange  the  forces  of  chemical  agents  in  nearly  an  in- 
verse order  of  that  in  the  usual  tables  of  elective  attractions. 
As  the  reciprocal  saturation  of  substances  combined  together, 
is  the  effijct  of  their  affinity,  independent  of  foreign  circum- 
stances, it  may  be  regarded  as  the  measure  of  that  affinity  ;  and[ 
ai;  unequal  quantities  of  different  agents,  of  acids,  for  example, 
nre  requisite  to  saturate  any  com.mon  base,  the'  forces  of  their 
affinity,  considering  them  always  as  acting  in  equal  quantities, 
must  be  different,  and  may  be  estimated  from  the  quantities  re- 
quisite to  produce  saturation,  or  in  the  sense  in  which  Berthol- 
let  employs  the  term,  neutralization.  The  principle,  therefore, 
assumed,  is,  that  the  affinities  of  the  different  acids  to  the  same 
base,  is  in  the  inverse  ratio  of  the  quantity  of  each  of  them 
which  is  necessary  to  saturate  or  ncuti-alize  an  equal  quantity 
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of  that  base,  or,  the  less  of  an  acid  requisite  to  produce  the 
turation,  the  more  energetic  is  its  affinity,  or  the  greater  is  its 
force.  This  is  the  principle  of  Mr  Kirwan  ;  but  he,  finding 
that  were  it  also  applied  to  the  affinities  of  the  bases  to  the  a- 
cids,  it  would  be  inconsistent  with  the  observed  order  of  elec- 
tive attractions,  and  with  the  results  of  experiment,  reversed  it 
as  applied  to  these  bases  ;  and  although  he  thus  established 
a  correspondence  between  the  order  deduced  from  the  princi- 
ple, and  that  of  the  usual  tables  of  affinities,  he  subjected  his 
hypothesis  to  the  difficulty,  that  it  involved  a  contradiction  ; 
that,  on  the  one  hand,  it  supposed  a  greater  affinity  to  require  a 
less  quantity  of  a  substance  to  produce  saturation,  and  that,  on 
the  other,  it  required  a  greater  quantity. 

BerthoUet,  disregarding  the  established  order  of  affinities, 
applies  the  same  principle  to  all  cases,  and  therefore  the  axiom 
which  has  now  been  delivered  with  regard  to  the  affinities  of 
the  acids  to  the  bases  with  which  they  combine,  equally  holds 
with  regard  to  the  affinities  of  these  bases  to  the  acids  ;  or  the 
base,  which  in  the  smallest  quantity  saturates  an  acid,  is  that 
which  possesses  the  greatest  affinity.  The  principle,  in  short, 
as  extended  to  all  chemical  agents,  is,  that  the  affinity  of  any 
substance  to  another  is  more  powerful,  as  a  given  weight  of  it 
can  saturate  a  greater  quantity  of  that  other. 

Admitting  this  principle,  and  taking  the  corrected  table  of 
Kirwan  as  indicating  the  quantities  of  the  acids  and  of  their 
bases  necessary  for  saturation,  it  will  follow,  as  will  be  evident 
on  inspection  of  that  table,  that  the  muriatic  acid,  as  it  satu- 
rates the  largest  quantities  of  the  different  bases,  is  that  which 
.  exerts  the  most  powerful  affinities  ;  next  to  it  is  the  sulphurii.-, 
and  then  the  nitric  acid.  The  estimate  of  the  affinities  of  the 
carbonic  acid  cannot  be  so  much  depended  on.  They  deviate 
considerably  from  thri  order  observed  by  the  others,  and  theie 
are  peculiar  difficulties  in  ascertaining  with  accuracy  the  pro- 
portions of  the  carbonates.  If  we  hkewise  take  into  considera- 
tion the  most  accurate  experiments  that  have  been  made  with 
the  other  acids,  it  will  be  found,  as  Berthollct  has  remarked 
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I that  the  phosphoric  acid  precedes  the  muriatic,  and  the  fluoric 
the  phosphoric,  1000  parts  of  phosphoric  saturating,  accord- 
jing  to  VauqueHn,  1440  of  hme,  and  1000  of  fluoric  saturating, 
laccording  to  Richter,  1882,  while  1000  of  muriatic,  from  Kir- 
vvan's  table,  appear  to  be  capable  of  saturating  only  1183. 
This  gives  us  therefore  the  strength  of  afiinity  in  these  acids 
in  the  following  order  :  fluoric,  phosphoric,  muriatic,  sulphu- 
ric, nitric. 

With  regard  to  the  different  bases  with  which  the  acids  com- 
I  bine,  if  the  principle  be  just,  the  order  of  their  real  affinities  is 
nearly  inversely  that  of  their  apparent  forces,  such  as  they  are 
estimated  from  the  phenomena  of  decompositions.  From  Kir- 
uan's  tables,  it  appears,  that  the  affinity  of  ammonia  must  ex- 
ceed that  of  the  othci  s,  as  a  smaller  quantity  of  it  saturates  gi- 
ven quantities  of  the  acids  ;  next  to  it  are  magnesia  and  lime, 
then  soda  and  potassa,  and,  lastly,  strontites  and  barytes. 

It  is  sufiiciently  evident,  that  these  arrangements  of  the  forces 
of  affinities  deviate  widely  from  the  received  order.  To  con- 
nect the  one  with  the  other,  it  is  necessary,  says  Berthollet,  to 
seek  in  the  habitudes  of  the  substances  which  combine,  and  in 
the  conditions  in  which  they  may  be  found,  the  explanation  of 
the  facts  which  lead  to  conclusions  so  opposite.  It  is  to  the 
force  of  cohesion  principally,  the  effects  of  which  have  been 
confounded  .with  those  of  affinity,  that  the  difference  is  to  be 
scribed,  and  partly  also  to  elasticity,  which  likewise  operates 
.  a  modifying  power  ;  but  whatever  may  be  tl)e  opinion  re- 
rained  with  regard  to  elective  affinity,  it  is  impossible  to  deny 
ihat  a  strict  relation  subsists  between  its  force,  and  the  power 
wliich  substances  have  of  producing  reciprocal  saturation. 

Admitting,  however,  the  truth  of  the  preceding  reasoning, 
much  uncertainty  must  still  remain  as  to  the  expression  of  the 
forces  of  affinity,  from  the  difficulty  of  ascertaining  the  real 
proportions  of  bodies  requisite  for  saturation.  If  the  difficul- 
ties are  such,  too,  with  regard  to  substances,  which  we  can  so 
'.asily  subject  to  experiments  that  might  be  deemed  accurate, 
3  the  acids  and  alkalies,  what  labour  would  be  requisite  to  ex« 
•\nd  the  same  researches  to  many  other  chemical  agents? 
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it  must  r.lso  be  evident,  that  we  can  no  longer  look  tor  those 
practical  advantages  from  the  solution  of  the  problem  of  efiti- 
jnating  the  forces  of  affinity,  which  were  formerly  expected 
from  it.  While  affinity  was  regarded  as  an  uniform  force,  it 
was  imagined,  that  were  its  intensities  discovered,  we  might  be 
able  to  predict  the  results  of  its  exertion  independent  of  expc. 
riment  But  it  is  obvious,  that  were  we  even  in  possession  of 
the  scale  of  affinities,  wc  could  not  forctel,  in  any  given  case, 
•what  would  be  their  results,  since  they  arc  modified  by  exter- 
nal circumstances,  which  totally  alter  their  relative  forces.  Wc 
probably  could  not  subject  to  calculation  the  complicated  ef. 
iects  of  cohesion,  elasticity,  quantity',  and  other  modifying 
powers  ;  and  we  should  therefore  be  altogether  unable  to  fore- 
see the  effective  forces  that  would  be  exerted. 

Lastly,  the  principle  itself  whence  the  relative  forces  of  af- 
finity  has  been  deduced,  it  appears  to  me,  is  even  extremely 
doubtful.    The  proposition  assumed  is,  that  the  less  of  one 
substance  is  required  to  neutralize  the  properties  of  another, 
the  stronger  is  its  attraction  towards  it.    Since  a  smaller  quan- 
tity of  ammonia  than  'barytes  is  required  to  neutrali7,e  a  given 
■weight  of  sulphuric  acid,  the  ammonia,  it  is  inferred,  exerts  a 
stronger  actiou  on  the  acid  than  the  barytes  does,  or  exerts  to- 
wards it  a  stronger  affinity.  But  all  affinity  is  reciprocal.  Tlx 
attraction  which  unites  an  acid  and  a  base,  so  as  to  neutralize 
the  properties  of  each,  cannot  be  said  to  be  a  force  exclusively 
exerted  by  the  base  to  the  acid,  or  by  the  acid  to  the  base.  It 
is  a  mutual  tendency  in  the  particles  of  these  two  bodies  to 
combine,  and  the  quantity  of  the  one  necessary  to  neutralize 
the  properties  of  the  other  cannot  be  regarded  as  an  indica- 
tion of  the  energy  of  action  or  strength  of  affinity  exerted  be- 
tween them,  unless  the  one  Substance  were  tthe  active  power 
that  produced  neutralization,  and  the  other  passive.     But  this 
is  not  the  case  ;  the  attraction  is  reciprocal  ;  and  we  may  as 
iveTl  take  the  quantity  of  acid  necessary  to  neutralize  a  given 
Avcight  of  base  as  a  measure  of  the  force  of  affinity,  as  the 
quantity  of -base  nccesrsaryto  neutralize  a  given  weight  of  acid. 
T^io  above  -statement  wotild  then  be  exactly  reversed     Or  it 
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light  be  said,  that  since  a  smaller  quantity  of  sulphuric  acid 
t  required  to  neutralize  a  given  weight  of  bai7tc8  than  to  neu- 
ralize  the  same  weight  of  ammonia, — therefore  the  affinity  is 
:ronger  between  sulphuric  acid  and  barytes,  than  between  sal- 
huric  acid  and  ammonia.  If  this  reasoning  is  just,  it  renders 
oiibtful  all  the  preceding  conclusions. 

The  observations  which  have  been  made  under  this  statement 
fthe  relative  degrees  of  strength  of  Chemical  Affinity,  as  exerted 
fnong  diflferent  bodies,  sufficiently  prove  that  these  degrees  arc 
:)t  expressed  with  any  accuracy  in  the  common  Tables  of  Elec- 
ve  Attraction.    These  tables  represent  merely  the  order  of  a 
Ties  of  decompositions  produced  by  the  action  of  different  sub- 
ances  on  others :  but  these  decompositions  do  not  arise,  as 
li  as  supposed,  from  the  relative  energies  of  the  attractions  ex- 
ted,  but  are  as  much  gr  more  dependent  on  those  external 
ices,  by  which  in  all  cases  the  exertion  of  chemical  attrac- 
on  is  influenced.    Considered,  therefore,  as  expressing  the 
lative  forces  of  affinity  among  bodies,  they  are  of  no  utihty. 
Did  they  express,  however,  with  accuracy,,  the  order  of  de- 
mipositions  in  the  numerous  cases  to  which  they  refer,  they 
ould  be  of  great  utility  in  practical  chemistry,  since  they 
ould  convey,  nearly  at  a  glance,  an  immense  number  of  chC" 
ical  facts,  exhibited  under  the  most  important  point  of  view 
kler  which  they  can  be  placed.    But  neither  does  this  advan.' 
,;e  belong  to  them  ;  and  they  are,  were  they  relied  on  for 
is,  calculated  rather  to  mislead  than  to  direct.    They  repre- 
V  Ht  results  as  Uniform  which  are  liable  td  be  materially  modi- 
I  ;d,  and  even  entirely  reversed.    The  influence  alone  of  quanti- 
■  ■  of  matter  on  the  exertion  of  affinity,  independent  of  other 
rcumstances,  often  giver,  rise  to  this ;  and  examples  have  beea 
I  ven  in  the  text,  and  might  easily  be  multiplied,  of  decompo^ 
ions  the  reverse  of  what  the  order  presented  in  these  tables 
Hild  lead  to  expect. 

As  they  convey,  therefore,  much  less  useful  information 
an  was  formerly  supposed,  I  have  omitted  giving  them  un- 
:•  the  history  of  the  individual  substances  ;  but  as  they  may 
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sometimes  be  consulted,  I  have  placed  tojTctljcv  the  mod  hb. 
portant  of  them,  in  concluding  this  statement  of  the  doctrines 
of  chemical  attraction.  Those  usually  followed  are  the  Tables 
of  Bergman  as  corrected  by  Dr  Pearson.  To  alter  them  would 
require  an  extensive  experimental  investigation,  and  indeed  a  re. 
examination  of  the  whole  subject,  with  a  strict  attention  to  t!ic 
principles  recently  established  with  regard  to  the  exertion  of 
affinity.  I  have  given  them  therefore  with  very  little  altera- 
tion,  and  with  only  a  few  additions  from  more  recent  disco- 
varies. 

The  manner  in  which  these  tables  are  to  be  understood  is 
obvious.  Each  column  is  supposed  to  represent  the  relative  af. 
fmities  of  the  substance,  the  name  of  which  is  placed  at  the 
head  of  it,  to  the  substances  the  names  of  which  are  inserted 
beneath,  in  the  supposed  order  of  the  strength  of  these  afiini- 
ties.    It  is  concluded,  therefore,  that  the  combinations  of  the 
substance  at  the  head  of  the  column,  with  those  beneath,  wiH 
be  decomposed  in  this  order  ;  those  placed  towards  the  head 
of  the  column  always  decomposing  the  compounds  of  those 
beneath.    Thus,  from  the  first  table  it  is  to  be  understood 
that  carbon  exerts  the-  strongest  attraction  to  oxygen,  and  will 
therefore  decompose  all  the  compounds  which  oxygen  forms 
with  the  others.    Zinc  is  placed  next  ;  it,  of  course,  will  not 
decompose  the  compound  of  oxygen  with  carbon,  but  will  de- 
compose all  the  rest,  and  so  on  with  regard  to  the  others.  No 
better  proof  can  be  given  of  the  uncertainty  of  these  tables, 
than  that  which  happens  to  be  afforded  by  this  first  example; 
for  although  in  the  table  zinc  is  inferior  to  carbon  in  its  attrac- 
tion to  oxygen,  yet  it  actually  decomposes,  partially  at  least, 
the  compound  of  cadion  and  oxygen ;  and  cai  bon,  on  the  other 
hand,  can  be  made  to  decompose  the  compound  of  oxygen  and 
zinc, — merely  as  the  circumstances  are  changed  under  which 
these  substances  are  made  to  act. 
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TABLE  OF  AFFINITIES. 


1. 

Uranium 

V  . 

Potassa     •  ■ ' 

OXYGEN, 

Molybdena 
Tungsten 

f  A  D  Tin  w 

Lime 

Carbon 

Cobalt 

xVllllIlOUlct  j 

Zinc 

Antimony 

Iron 

Magnesia 

;;on 

Nickel 

Hydrogen 

Zircon 

hydrogen 

Ar>-enic 

[anganese 

C!'rome 

V  1« 

Vl  TT 

Cobalt            j  Bismuth 

S  U  LP  H  U  Ri 

AMMONIAj 

N'^ickel 

Lead 

POTASSA,  AND 

.ead 

Copper 

SODA. 

Tin 

Tellurium 

Phosphorus 

Platina 

Soda 

Acids 

Opper 

Mercury 

[ron 

Sulphuric 

iiismuth 

Silver 

Copper 

Nitric 

Antimony 

Gold 

Tin 

Muriatic 

()uick.  silver 

Lead 

Fluoric 

\rsenic 

III. 

Silver 

Phosphoric 

iulphur 

NITROGEN. 

Bismuth 

Oxalic 

rOld 

Oxygen 

Antimony 

Tartaric 

Silver 

Quicksilver 

Arsenic 

Platina 

Hydrogen 

Arsenic 

Succinic 

Muriatic  Acid 

Molybdena 

Citric 

IV. 

Tellurium 

Benzoic 

IT*. 

HYDROGEN. 

Acetic 

OXYGEN. 

VII. 

Saccho-Iactic 

Oxygen 

SULPHURET- 

Boracic 

l^itanium 

Sulphur 

TED  HYDRO- 

Sulphurous 

Manganese 

Carbon 

GEN, 

Nitrous 

Zinc 

Phosphorus 

Carbonic 

I  ron 

Nitrogen 

Barytes 

Prussic 

iTin 

*  This  is  Vauquelin's  table  of  the  affinities  of  oxygen  for  metals, 
founded  on  the  difficulty  with  wliich  their  oxides  are  decomposed  by 
heat. 
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Water 
Oil 

Sulpluir 


IX. 

IJARYTES. 

.Acids 
■  Sulphuric 
Oxalic 
Succinii: 
Fluoric 
Phosplioric 
Saccho-lactic 
Nitric 
Muriatic 
Citric 
Tartaric 
Arsenic 
Benzoic 
Acetic 
Boracic 
Sulphurous 
Nitrous 
Carbonic 
Prussic 
Sulphur 


X. 

STROKTITES. 

Acids 

Sulphuric 

Oxahc 

Tartaric 

Fluoric 

Nitric 

Muriatic 

Succinic 

Phosphoric 

Acetic 

Arsenic 

Boracic 

CaTbonic 
Strlphut 


"Ict; — 

LIME. 

Acids 

Oxalic 

Sulphuric 

Tartaric 

Succinic 

Phosphoric 

Saccho-lactic 

Nitric 

Muriatic 

Fluoric 

Arsenic 

Citric 

Benzoic 

Acetic 

Boracic 

Sulphurous 

Nitrous 

Carbonic 

Prussic 
Sulphur 


Prussic 
Sulphur 


XIII. 

ARGH.. 


XII. 

MAGNESIA. 


Acids 
Oxalic  ' 
Phosphoric 
Sulphriric 
Fluoric 
Arsui-ic 
Sacciio-lactic 
Succinic 
Nitric 
Muriatic 
Tartaric 
Citric 
Benzoic 
Acetic 
Boracic 
Sulphurous 
Carbonic 


Acids 
Sulphuric 
Nitric 
Muriatic 
Fluoric 
Arsenic 
Oxalic 
Tartaric 
Phosphoric 
Acetic 


XIV. 

SILEX. 

Fluoric  Acid 
Potassa 


XV. 

Acids  nitric 

&  NtTROUS. 


XVII. 

.  SULPHURIC 
ACID. 

Barytes 
Strontiles 
Potassa 
Soda 
Lime 
Magnesia 
Ammonia 
Argil 
Metallic  Oxidesi 


XVIII. 

SULPHUROUS 
ACID. 


Potassa 

Soda 

Barytes 

Strontites 

Lime 

Magnesia 

Ammonia 

Argil 

Metallic  Oxides 


Barytes 
Strontites 
Lime 
Potassa 
Soda 
Magnesia 
Ammonia 
Argil 
Metallic  Oxides 


XIX. 

PHOSPHORIC 
ACID. 


XVI. 
ACIDS  MURIA- 
TIC &  OXT- 
MURIATIC. 


The  same  as  in 
NO.  15. 


Lime  I 
Barytes 

Strontites  i 

Magnesia  ; 

Potassa  j 

Soda  1 

Ammonia  ; 

Argil  I 
Metalhc  Oxides 
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XX. 

CARBONIC 

Acm. 


Earytca 

Scrontites 

Lime 

Fixed  Alkalies 
Magncsiii 
Ammonia 
Argil 

Me  tallic  Oxides 


The  same  as  in 
NO.  19. 


XXL 

FLUORIC  ACIU 

riie  same  as  in 
NO  19. 


XXII. 

BORACIC  ACID 


The  same  as  in 
NO.  19. 


XXIIi. 

ARSENIC  ACID 


Lime 
Barytes 
Strontites 
Magnesia 
Potassa 
Soda 

Ammonia 
Argil 
Metallic  Oxides 


XXIV. 

OXALIC  ACID. 

The  same  as  in 
NO.  19. 


XXV. 

TARTARIC 
ACID. 


XXVL 
CITRIC  ACID. 


Lime 
Barytes 
Magnesia 
Potassa  • 
Soda 

Ammonia 
Argil 

Metallic  Oxide; 


XXVil. 

BENZ  'IC  ACID 


Soda 

Ammonia 
Lime 
Magnesia 
Argil 
Metallic  Oxides 


XXX:. 

PRUSSIG  ACI!>. 


Potassa 
Soda 

Ainmoni.1 
Lime 
Barytes 
Strontites 
Magnesia 
Arofil 
Metallic  Oxides 


The  same  as  in 
NO.  26. 


XXVII'. 

SUCCINIC 
ACID. 


The  same  as  in 
NO.  26. 


XXIX. 

SACCHO-LAC- 
TIC  ACID. 


The  same  as  in 
NO.  26. 


XXX. 

ACETIC  ACID. 

Barytes 
Potassa 


XXXII. 

OXIDE  OF 
GOLD. 


iEther 
Acids 

Muriatic 

Nitric 

Sulphuric 

Arsenic 

Fluoric 

Tartaric 

Phosphoric 

Prussic 
Fixed  Alkalies 
Ammonia 


XXXIH. 

OXIDE  OF 
SILVER. 


Acida 
Muriatic 
Oxalic 
Sulphuric 


Saccho-laciic 
Phosphoric 
Nitric 
Arsenic 
Fluoric 
Tartaric 
Citric 
Acetic 
Succinic 
Prussic 
Carbonic 
Ammonia 


XXX.V. 

OXIDE  OF 
PLATINA. 


iEther 
Acids 

Muriatic 

Nitric 

Sulphuric 

Arsenic 

Fluoric 

Tartaric 

Phosphoric 

Oxalic 

Citric 

Acetic 

Succinic 


XXXV. 

OXIDE  OF 
QUICKSILVER. 


Acids 
Muriatic 
Oxalic 
Succinic 
Phosphoric 
Arsenic 
Sulphuric 
Saccho-lactic 
Tartaric 
Citric 
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Prussic 

Carbonic 

r  luonc 

Acetic 

Carbonic 

Ammonia 

Acetic 

Boracic 

Fixed  Alkali 

Jl  rUnSIC 

XLlI. 

Prussic 

Carbonic 

V  1 

XL. 

OXIDE  OF 

Cnrbonic 

0  X I D  F.  O  F 

COBALT. 

Y  Y  YA7  T  T  I 
AAA  V  il  1 . 

ZINC. 

AA. V  i. 

OXIDE  OF 

1  lie  same  as  in 

U  A  1  LJ  b  U  r 

TIN. 

Ma  a  I 
INU.  4-1. 

C  C)  P  P  h  R, 

Oxalic 
Sulphuric 

A  #-»wln 

ilClOS 

V  T    T  T  T 

XLIII. 

'Acids 

Tartaric 

Muriatic 

OXIBE  OF 

'  uxaiic 

Muriatic 

Saccho-lactic 

MANGANESE. 

1    1  artai  ic 

oulpnuric 

Nitric 

Muriatic 

Oxahc 

1  artanc 

Acids 

oulpnuric 

Arsenic 

Phosphoric 

Uxalic 

oacciio-lactic 

Phosphoric 

Citric 

1  artanc 

Nitric 

Nitric 

ouccinic 

Citric 

Arsenic 

Succinic 

1'  luonc 

r  luonc 

Phosphoric 

r  luonc 

Arsenic 

1  hosphoric 

Succinic 

oaccno-lactic 

Acetic 

Nitric 

.^n  iT^li  n  1*1 
O  UlUll  UiiC 

.  Citric 

Acetic 

Prussic 

Muriatic 

Acetic 

Boracic 

Carbonic 

Arsenic 

Boracic 

Prussic 

Ammonia 

Acetic 

Prussic 

r  ixed  Alkali 

Carbonic 

Ammonia 

AJLi  I. 

YT 

A  J-ii.  V  . 

T7';, ._j  A  11, „i; 
i'lxed  Alkali 

OXIDE  OF 

OXIDE  OF 

Ammonia 

V  V  VTV 

XXXI  A. 

NICKEL. 

ARSENIC. 

OXIDE  OF 
LEAD. 

.   XXX  VI  I. 

\  -J 

Acids 

Acids 

OXIDE  OF 
IRON. 

Oxalic 
Muriatic 

Muriatic 
0  xalic 

Acids 

oil. 

oulpnuric 

oil 
oulpnuric 

ouipuui  IC 

Acids 

Saccho-lactic 

Tartaric 

Nitric 

Uxalic 

iJxalic 

Nitnc 

J.  arcciriL.  1 

'    1  artanc 

•  Arsenic 

IT  iiospnoi  ic 

Tartaric 

Fluoric 

Fluoric 

Saccho-Jactic 

Phosphoric 

Saccho-lactic 

Saccho-lactic 

Muriatic 

Muriatic 

Succinic 

Succinic 

Nitric 

Nitric 

Citric 

Citric. 

Phosphoric 
Arsenic 

Fluoric 
Citric 

Acetic 
Arsenic 

Arsenic 
Acetic 

Fluoqc 

Acetic 

Boracic 

Prussic 

Succinic 

Boracic 

Prussic 

Ammonia 
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XLV. 

Phosphoric 

XLIX. 

Lll. 

OXIDE  OF 

Citric 

OXIDE  OF 

VOLATILE 

BISMUTH. 

Succinic 

URANIUM. 

OILS. 

Fluoric 

'    ■  ■ 

Acids 

rlrsenic 

Acids 

^ther 

Oxalic 

Acetic 

Sulphuric 

Alkohol 

Arsenic 

Boracic 

Muriatic 

Fixed  Oil 

Tartaric 

Prussic 

iNitric 

Fixed  Alkalies 

Ehosphoric 

Carbonic 

Phosphoric 

Sulphur 

Sulphuric 

Sulphur 

Acetic 

Muriatic 

Prussic 

LIII. 

Nitric 

XLVII. 

Carbonic 

FIXED  OILS. 

Fluoric 

OXIDE  OF 

Sulphur 

Saccho-lactic 

TELLURIUM. 

Lime 

c      ■  ■ 

ouccinic 

L. 

ivietauic  L'xides 

Citric 

ricias 

ALKOHOL. 

-olittier 

Acetic 

Nitric 

Volatile  Oil 

Prussic 

Sulphuric 

Water 

Fixed  Alkali 

warDonic 

Sulphur 

yjitner 

V  oiatue  iilKali 

Ammonia 

Alkalies 

Vols  tile  Oils 

Sulphur 

Quicksilver 

Ammonia 

XLVI. 

Fixed  Alkalies 

— .  . — , — .,  

OXIDE  OF 

XLVIII. 

Sulphur 

ANTIMONY, 

OXIDE  OF 

Muriates 

TITANIUM. 

Acids 

LI. 

Muriatic 

Acids 

iETHER. 

Oxalic 

Sulphuric 

Sulphuric 

Nitric 

Alkohol 

Nitric 

Muriatic 

Volatile  Oils 

Tartaric 

Prussic 

Water 

Saccho-lactic 

Vol.  T. 
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Note  B. 

The  only  part  of  the  chemical  history  of  caloric  which  re- 
quires a  more  ample  discussion  than  could  have  been  introduced 
with  propriety  into  the  text,  is  that  which  relates  to  its  distri- 
bution  in  bodies,  and  the  statfe  in  which  it  exiits.  Does  it  ex- 
ist in  them  rperely  as  the  cause  of  temperature  ;  or  besides  this, 
is  it  in  any  case  in  a  state  of  more  intimate  combination,  or  u- 
'  nited  by  a  more  energetic  af&nity,  so  as  to  be  deprived  of  its 
characteristic  properties  i  On  this  question,  regarding  free  and 
combined  caloric,  the  opinions  of  chemists  are  undetermined  : 
the  subject  has  at  the  same  time  not  often  received  a  full  dis- 
cussion ;  and  mistakes  with  regard  to  it  are  not  unfrequent  in 
the  writings  even  of  those  who  are  otherwise  well  informed  in 
chemical  science. 

There  are  two  points  of  view  under  which  the  chemical  com- 
bination of  caloric  has  been  considered,  which  it  is  necessary  to 
consider  apart.  The  absorption  and  apparent  loss  of  properties 
of  caloric  in  fluidity  and  vaporisation,  have  been  considered  as 
owing  to  an  intimate  combination  into  which  it  enters  with  the 
body  fused  or  evaporated,  and  as  analogous  to  other  chemical 
combinations  ;  while  other  philosophers,  without  expressly 
maintaining  this  opinion,  have  supposed  that  caloric  may  enter 
into  a  more  intimate  union  with  bodies  than  that  in  which  it 
exists  in  them  when  it  produces  expansion  and  its  other  effects, 
and  that  in  all  bodies  a  portion  of  it  exists  in  this  combined 
state. 

1st,  It  has  been  conceived,  that  in  liquefaction  and  vaporisa- 
tion the  portion  of  caloric  which  becomes  latent,  is  chemically 
combined  with  the  body  which  has  suffered  the  change  of  form, 
and  that  this  change,  as  well  as  the  latent  state  of  the  caloric, 
are  owing  to  this  combination.     I  have  already  observed, 
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(p.  396.),  that  Dr  Black  inclined  to  this  opinion,  and  that  it 
has  been  maintained  in  more  decided  language  by  De  Luc  *, 
and  by  a  number  of  the  French  chemists.  It  is  thus  stated  by 
Seguin,  in  his  review  of  the  doctrines  of  heat  connected  with 
this  subject :  "  Until  the  moment  of  liquefaction,  the  caloric 
in  a  body  is  merely  interposed  ;  but  during  this  change,  there 
is  a  new  combination  of  it,  resulting  from  a  superior  affinity. 
The  moleculas  of  a  solid  unite  with  a  certain  quantity  of  caloric 
to  form  a  liquid.  This  caloric  is  absolutely  necessary  to  the 
form  of  this  new  body.  This  liquid  has  interstices,  which  will 
be  filled  by  the  caloric,  which  before  liquefaction  was  inter- 
posed between  the  particles  of  the  solid,  in  such,  a  manner,  that 
ihe  distance  between  the  particles  of  the  new  compound  will 
be  very  nearly  equal  to  that  which  existed  between  those  of  the 
solid  from  which  it  has  been  produced.  We  may  therefore 
consider,  as  existing  in  every  liquid,  two  portions  of  caloric,  en- 
tirely distinct ;  one  which  acts  on  the  thermometer,  and  deter- 
mines the  temperature  ;  ^another  which  has  no  such  effect  f ." 

I  have  likewise  stated  in  the  text,  that  Dr  Irvine  regarded 
these  changes  of  form  as  produced  by  the  operation  of  sensible 
caloric  alone  ;  and  the  absorption  of  caloric  during  liquefaction 
and  vaporisation,  together  with  its  latent  state  in  the  fluid  and 
vapour,  he  considered  merely  as  the  consequences  of  the  aug- 
mentation of  capacity  which  he  discovered  to  attend  these 
changes  of  form. 

It  is  obvious,  that  the  change  of  form  in  these  cases,  and  the 
p  volution  or  absorption  of  caloric  being,  at  least  to  our  observa- 
tion, simultaneous,  we  have  no  direct  means  of  discovering 
which  procedes  the  other.  We  must  therefore  seek  to  deter- 
mine the  merits  of  these  opinions  on  other  grounds. 

If  we  regard  them  as  hypotheses,  we  must  at  once  prefer 
that  of  Irvine,  as  more  simple  and  philosophical,  and  more  ana- 
logous to  the  relations  of  caloric  to  matter.  We  have  seen, 
that  the  capacities  of  bodies  are  intimately  connected  with  their 


*  ld6es  sur  la  Meteorologie,  torn.  i.  p.  179. 
f  Annales  de  Chimie,  torn,  iii,  p.  199. 
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mechanical  state,  with  the  arrangement  of  their  particles,  so 
much  BO  as  to  justify  the  inference,  that  when  the  arrangement  is 
altered,  the  capacity  will  be  changed.  We  must  also  be  satisfied  a 
priori,  that  at  some  stage  in  the  scale  of  temperature,  the  chan- 
ges of  fluidity  and  vaporisation  must  take  place  from  the  opera- 
tion of  sensible  caloric.  In  such  changes  there  is  an  altL-ration 
in  the  mechanical  state  of  the  body  ;  and  nothing  can  be  more 
probable,  a  jirior't,  than  that  the  very  change  of  capacity  which 
is  supposed  in  the  theory  should  be  the  consequence.  We 
know  nothing  of  the  properties  of  caloric  in  an  insulated  state, 
but  merely  the  effects  of  it  on  matter  ;  and  no  reason  can  be 
stated  in  support  of  the  proposition,  that  its  effects  on  bodies 
of  different  kinds,  or  in  different  states,  should  be  the  same. 
If  a  sohd  body  have  a  certain  relation  to  caloric  ;  suffer  from 
it,  for  example^  a  certain  degree  of  expansion  ;  con4uct  it,  af- 
ter a  certain  ratio  ;  or  require  a  certain  quantity  of  it  to  pro- 
duce a  given  temperature  ;  if  the  constitution  of  that  body  is 
changed,  though  it  be  by  the  action  of  caloric  itself,  if,  for  ex- 
ample, it  is  converted  to  the  fluid  or  aeriform  state  ;  we  have 
no  reason  to  expect  that  its  relations  to  caloric  should  be  the 
same  as  they  wete  in  the  solid  state.  We  find,  in  reality  that 
they  are  totally  changed  ;  that  the  body  now  suffers  a  different 
degree  of  expansion  from  this  power  from  what  it  did  former- 
ly ;  and  that  its  conducting  power  with  regard  to  it  is  no  long- 
er the  same.  We  may  presume,  therefore,  that  a  similar  altera- 
tion must  take  place  with  regard  to  its  other  relations  to  calo- 
ric ;  that  it  must  require  a  different  quantity  to  produce  a  cer- 
tain change  of  temperature,  or,  in  other  words,  must  acquire  a 
different  capacity. 

Nothing  also  can  be  more  obvious,  than  that  if  such  a  change 
do  happen,  the  augmentation  of  temperature  will  observe  a  dif- 
ferent law  from  what  it  did  while  the  body  was  in  its  former 
state.  If  by  fusion,  or  vaporisation,  the  capacity  of  a  body  be 
enlarged,  either  its  temperature  must  fall,  or  a  quantity  of  ca- 
loric must  be  absorbed,  by  which  no  augmentation  of  tempe- 
rature will  be  produced.  The  first  cannot  happen,  for  in  this 
case  the  temperature  of  the  body  falling  below  its  fusing  or  e- 
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vaporating  point,  the  change  of  form  cannot  proceed  ;  the  se- 
cond event,  therefore,  must  be  that  which  will  occur,  or,  if  by 
constantly  applying  caloric,  we  raise  and  preserve  the  t  mpera- 
ture  sufficiently  high  to  cause  the  change  of  form  to  proceed, 
then  if  this  change  of  forni  be  accon^panied  by  an  incrc'ase  of 
capacity,  a  quantity  of  the  caloric  applied  must  be  constantly 
absorbed,  and  must  become  latent,  or  occasion  no  increase  of 
temperature.  The  phenomena,  ihirrefore,  attending  fusion  and 
vaporisation,  are  precisely  those  which  should  occur,  if,  accord- 
ing to  Dr  Irvine's  hypothesis,  these  changes  are  accompanied 
by  an  enlargement  of  capacity. 

The  opinion  of  Dr  Irvine  is  thus  at  once  probable  a  fir'torl, 
and  fully  adequate  to  the  e;<planation  of  the  phenomena. 

The  opposite  opinion,  considering  it  also  as  an  hypothesis,- 
has  no  such  probability.  We  see  no  cause  why,  for  a  great 
extent  of  the  thermometrical  scale,  bodies  should  receive  calo- 
ric without  entering  with  it  into  any  intimate  combination  ; 
why,  when  the  temperature  is  raised  to  a  certain  point  in  each 
body,  this  combination  should  suddenly  take  place  ;  and  why, 
after  another  interval  in  the  thermometrical  scale,  it  should  be 
renewed  ;  why,  for  example,  water  at  32°,  and  under  the  com- 
mon atmospheric  pressure  at  212°,  and  at  these  points  only, 
should  contract  an  intimate  union  with  calpric.  Nor  do  we  per- 
ceive, in  a  combination  so  intimate  as  to  be  able  to  suppress  en- 
tirely the  properties  of  caloric,  according  to  the  hypothesis, 
how  the  properties  of  the  body  combining  with  it  are  not 
also  changed. 

Nor  are  the  phenomena  attending  these  changes  of  form 
strictly  analogous  to  those  of  chemical  combination.  Although, 
on  a  superficial  glance,  a  portion  of  caloric  appears  to  lose  its 
properties ;  and  this  may  be  supposed  to  render  probable  the 
proposition,  that  it  has  entered  into  an  intimate  combination, 
(and  it  has  generally  been  regarded  as  a  proof  of  that  proposi- 
tion,) a  more  enlarged  view  of  the  subject  shows  us,  that  we 
really  cannot  afRrm  that  any  portion  of  the  caloric  has  sustained 
this  loss  of  its  characteristic  qualities.  The  apparent  loss  is 
owing  rather  to  the  body  having  acquired  a  new  relation  to 
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this  power,  in  consequence  of  which  it  requires  a  larger  quan- 
tity to  produce  a  given  state  of  temperature.  The  eflcct  of 
caloric  is  to  produce  that  condition  of  bodies  denominated  tem- 
perature ;  but  it  is  no  property  of  caloric,  that  an  equal  quan- 
tity  of  it  shall  produce  in  all  bodies  the  same  temperature. 
Prcdsely  the  reverse  is  tiue.  If,  therefore,  when  a  body  is 
fused,  or  is  converted  into  a  vapour  or  gas,  a  portion  of  caloric 
is  absorbed,  which  has  no  effect  in  raising  the  temperature  of 
that  fluid  or  vapour,  it  is  a  mistake,  or  at  least  an  unsupported 
assertion,  to  say,  that  here  a  portion  of  caloric  has  lost  its  pro- 
perties :  it  is  rather  the  body  in  which  it  resides  that  is  chan- 
ged, its  mechanical  constitution  is  altered,  and,  with  regard  at 
least  to  its  relations  to  caloric,  it  has  become  a  new  substance. 
Conformable,  therefore,  to  the  general  law  which  caloric  ob- 
serves in  its  distribution,  it  must  require  a  different  quantity  to 
produce  in  it  a  given  temperature.  Nor  is  there  more  reason 
for  saying,  that  the  properties  of  the  excess  of  caloric,  which 
water  has  above  ice  at  32°,  are  lost,  than  for  affirming  the  same 
thing  with  regard  to  the  excess  of  caloric  which  water  contains 
above  quicksilver  at  the  same  temperature.  It  admits  of  de- 
monstration, th^fif  quicksilver  could  be  converted  into  water, 
the  same  phenomena  would  happen  that  do  occur  when  ice  is 
converted  into  water.  The  latent  state  of  a  portion  of  caloric,  in 
different  forms  of  the  same  bqdy,  may  be  precisely  the  same  with 
the  latent  state  of  that  portion  of  calovic  which  one  body  con- 
tains more  than  another,  their  temperatures  being  equal.  The 
latter  cannot  be  ascribed  to  chemical  combination,  as  I  sh%ll 
have  imm.ediately  to  show,  and  the  former  cannot,  with  more 
reason,  be  referred  to  that  cause. 

It  is  this  apparent  loss  of  properties  that  has  always  given 
rise  to  the  supposition,  tliat  caloric  must,  in  tliese  changes  of 
form,  enter  into  a  state  of  more  intimate  combination.  But 
this  is  entirely  a  mistake.  What  is  understood  by  the  phrase, 
Capacity  for  Caloric  ?  It  is  the  expression  of  the  general  fact, 
that  a  body  requires  a  certain  quantity  of  caloric  to  produce 
in  it  a  given  temperature.  The  truth  of  such  a  fact,  or  the 
existence  of  such  a  property,  is  undeniable.    What  must  hap- 
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pen  if  the  capacity  of  a  body  is  enlarged?  It  must  require 
more  caloric  to  produce  that  temperature  ;  and  hence,  to  pre- 
serve  it  at  the  temperature  at  which  it  exists  when  the  enlarge- 
ment of  capacity  happens,  a  quantity  of  caloric  must  be  ab- 
sorbed. Yet  although  this  caloric  does  not  r?.ise  the  tempera- 
ture of  the  body,  it  is  not  deprived  of  its  properties  ;  it  goes 
with  the  rest  of  the  caloric  contained  in  the  body  to  preserve 
the  existing  temperature,  and,  were  it  deprived  of  its  proper- 
ties, or  did  it  enter  into  any  intimate  combination,  the  tempe- 
rature of  the  substance  which  receives  it  would,  in  consequence 
of  its  augmented  capacity,  actually  sink,  unless  it  received  some 
other  portion  of  caloric  which  retained  its  properties.  These 
are  propositions  which  must  be  admitted  if  they  are  understood, 
for  thf  y  are  mere  truths  of  definition  ;  and  they  show  that  the 
circumstance  of  the  caloric  absorbed  during  liquefaction  and 
vaporisation,  not  producing  any  rise  of  temperature,  or  not  be- 
ing discoverable  by  the  thermometer,  is  no  proof  whatever  that 
that  caloric  lias  changed  its  mode  of  existence,  or  entered  into 
any  peculiar  combination,  since  this  would  equally  happen  from 
an  augmentation  of  capacity.  The  one  cause  may  indeed  A^- 
pothstically  be  assigned  as  well  as  the  other,  but,  if  the  aug- 
mentation of  capacity  be  experiment alJi^  proved,  and  be  shown 
to  be  adequate  to  account  for  the  phenomena,  it  must  be  as- 
signed as  the  real  cause,  and  the  other,  being  hypothetical, 
must  be  excluded.  To  estabHsh  the  doctrine  of  Irvine,  there- 
fore, as  a  just  theory  or  interpretation  of  a  law  of  nature,  no- 
thing is  requisite  but  that  its  principle, — that  a  change  of  ca- 
pacity accompanies  the  change  of  form,  be  proved  by  experi- 
ment, for  that  it  is  adequate  to  account  for  the  phenomena 
has  been  already  shown. 

This  subject,  I  have  remarked  in  the  text,  engaged  the  at- 
tention of  Dr  Irvine  for  a  considerable  length  of  time,  and  led. 
him  to  undertake  many  experiments.  The  general  nature  of 
the  experiment  has  been  described,  and  is  perfectly  unexcep- 
tionable ;  the  capacity  of  the  same  body  being  ascertained  first 
in  its  soHd,  and  secondly  in  its  fluid  state,  without  the  body 
suffering  any  change  of  form  in  the  progress  of  the  experiment. 

T  t  4- 
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Dr  Irvine  "  found  the  capacities  of  some  suitable  bodies,  as 
river-sand  or  iron-filings,  and  compared  them  with  that  of  wa- 
ter in  the  usual  manner.  This  being  done,  he  used  the  same 
body  to  examine  the  capacity  of  pounded  ice  formed  from  dis- 
tilled water,  or  of  snow.  The  temperature  of  the  room  and 
vessel  was,  in  his  experiments,  always  either  32  or  below  it  ; 
most  commonly  considerably  under  32°.  He  then  took  ? 
known  weight  of  snow  or  ice  of  a  known  temperature,  in  a 
vessel  of  which  the  capacity  was  determined  by  experiment. 
Upon  this  he  poured'  a  certain  quantity  of  river-sand  washed, 
or  iron-filings  of  a  certain  temperature,  with  as  much  rapidity 
as  possible.  The  new  temperature  was  observed  after  stirring, 
and  allowance  was  made  for  the  heat  gained  or  lost :  the  tem- 
perature of  the  mixture  was  frequently  19°,  20°,  25°,  16°,  &c. 
So  that  in  a  room  where  the  air  was  below  the  freezing  point, 
the  accuracy  of  th^  result  could  not  be  affected  by  the  forma- 
tion of  any  water  ;  still  there  are  many  sources  of  inaccuracy 
remaining.  But  in  Dr  Irvine's  hands,  the  capacity  of  ice  al- 
ways turned  out  to  be  less  than  that  of  water.  In  all  his  ex- 
periments, which  were  very  numerous,  and  repeated  with  care 
for  many  succeeding  years,  he  arrived  at  results  approxim.ating 
to  each  other,  and  concluded,  to  use  his  own  words,  thai  from 
the  mean  of  all  his  trials,  the  capacity  or  relative  heat  of  water 
to  that  of  ice  is  not  in  a  ratio  greater  than  5  to  4.>  or  10  to  8.' 
In  like  manner,  Dr  Irvine  extended  his  theory  to  all  other  bo- 
dies whatever,  and  in  some  cases  determined,  and  in  all  inferred, 
that  it  is  a  general  law  of  nature  that  the  capacity  of  all  solids 
for  heat  is  increased  by  fusion,  and  that  of  all  fluids  by  vapori- 
sation*." 

It  may  be  said,  that  although  it  be  proved  that  when  fluidi- 
ty and  vaporisation  take  place,  there  is  an  augmentation  of  ca- 
pacity, still  it  is  not  proved  that  the  augmentation  is  propor- 
tional to  the  quantity  of  caloric  absorbed ;  and  that,  therefore, 
part  of  that  caloric  may  be  absorbed  from  some  other  cause, 
and  exist  in  some  other  state.     But  how  is  this  to  be  deter- 
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mined  ?  It  is  impossible  to  establish  the  fact  on  either  side  ;  for 
to  do  so,  it  would  be  necessary  to  know  the  absolute  caloric  of 
bodies,  and  this  from  a  mode  of  experiment  independent  of 
changes  of  capacity  from  alteration  of  form.  Now  this  has  not 
been  ascertained  with  such  accuracy  as  to  admit  of  any  certain 
conclusion.  If  it  could  be  proved,  or  rendered  probable  by  a 
single  analogy,  or  by  any  fact,  that  the  augmentation  of  capa- 
city is  not  proportional  to  the  absorption  of  caloric,  the  theory 
of  Irvine  would  require  to  be  corrected.  But  when  this  is  not 
proved,  and  when  the  supposition  is  not  necessary  to  account 
for  the  phenomena,  wliy  should  it  be  made  ?  An  augmentatioa 
of  capacity  is  proved  to  take  place  ;  it  must  give  rise  to  an  ab- 
sorption of  caloric  ;  and  it  may  be  sufficient  to  account  for  the 
whole  quantity  absorbed.  It  is  surely  inconclusive,  and  a  mode 
of  reasoning  discarded  from  physical  investigation,  to  say,  that 
perhaps  the  augmentation  may  not  be  proportional,  and  that 
therefore  a  portion  of  caloric  may  exist  in  the  fluid  or  air  in 
some  other  state.  Such  possibilities  might  be  urged  in  sup- 
port of  every  antiquated  notion,  and  against  every  established 
theory  in  chemistry.  "  Since  the  existence  of  a  cause,"  says 
Crawford,  "  sufficient  to  account  for  the  appearances,  has  been 
established  by  experiment,  it  seems  inconsistent  with  the  sim- 
plicity of  the  operations  of  nature  to  suppose,  that  other  causes, 
for  the. existence  of  which  there  is  no  experimental  proof,  con- 
cur in  the  production  of  the  same  effects  ;  for  nature  does 
nothing  in  vain  ;  et  frustra  Jit  per  jilura  quod  furl  potest  per 
pauciora 

It  is  incumbent  on  me  to  take  notice  of  an  objection,  the 
only  one  of  any  apparent  force,  that  has  been  urged  against  Dr 
Irvine's  theory.  It  was  stated  by  Dr  Black,  and  has  often 
been  proposed  as  unanswerable.  It  is,  that  supposing  the  ab- 
sorption of  caloric,  and  the  latent  state  of  the  quantity  absorb- 
ed, to  arise  from  an  increase  of  capacity  in  the  fluid  or  vapour, 
no  cause  is  assigned  for  the  change  of  form.  "  The  alleged 
fact  of  disparity  between  the  capacity  of  ice  and  water  for 
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hear,"  says  Dr  Black,  «  may  indeed  be  supposed  to  account 
for  the  thermomctrical  phenomena  just  now  ncited  ;  but  the 
principal  fact  or  phenomenon  is  not  accounted  for  by  it,  1  mean 
the  change  of  the  solid  into  the  fluid.     SoHdity,  we  all  know, 
depends  on  cohesive  attraction  ;  but  on  what  cause  does  fluidi- 
ty depend  ?  Will  it  be  said  to  depend  on  the  absence  or  cessa- 
tion of  cohesive  attraction  ?  I  cannot  imagine  how  cohesive  at- 
traction can  entirely  cease,  or  be  suspended,  or,  if  this  should 
happen,  how  it  should  easily  be  again  restored  ?  Nay  we  have 
evident  proof,  from  the  round  form  of  the  drops  of  liquids,  that 
it  is  not  in  them  entirely  suspended,  but  only  weakened  to  such 
a  great  degree,  that  the  solid  hard  body  is  become  a  hquid. 
Now  this  is  such  a  violent  change,  that  I  cannot  help  thinking 
it  must  depend  oii  some  powerful  cause.    It  may  be  said,  per- 
haps, that  no  other  cause  is  necessary  but  the  increase  of  sen- 
sible heat  above  a  certain  degree,  together  wit)i  some  singularity 
in  the  nature  of  cohesive  attraction  ;  such  as  that  this  attrac- 
tion, though  very  strong  at  certain  small  and  imperceptible  dis- 
tances, becomes  suddenly  very  weak,  when  we  increase,  beyond 
a  certain  limit,  the  distance  of  the  particles  of  matter  from  one 
another,  and  this  increase  of  distance  is  produced  by  sensible  heat. 
If  this  were  true,  the  increase  and  diminution  of  distance  by 
the  action  of  sensible  heat,  ought  always  invariably  to  produce, 
each  its  appropriated  effect,  on  the  power  of  the  cohesive  at- 
traction ;  as  water,  when  its  degree  of  heat  is  above  32°,  is  al- 
ways liquid,  so  when  its  sensible  heat  is  below  32°,  it  should 
always  be  sohd.    But  this  we  know  is  not  always  the  fact. 
Water,  in  some  circumstances,  can-  be  cooled  to  7  or  8  degrees 
below  32°  without  being  congealed ;  and  many  other  substan- 
ces exhibit  the  same  phenomenon,  by  retaining  their  fluidity  in 
some  circumstances,  after  their  sensible  heat  is  diminished  con- 
siderably below  their  ordinary  congealing  point.    And  1  now 
ask,  what  is  the  cause  which  hinders  the  cohesive  attraction 
from  producing  its  effect,  and  changing  the  liquid  into  a  solid? 
When  I  find  by  experience,  that,  upon  disturbing  such  over- 
cooled  liquids,  a  quantity  of  heat  is  extricated  from  them,  which 
did  not  appear  immediately  before,  and  that^  while  this  heat  is 
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extricated,  a  proportional  part  of  the  liquid  congeals  ;  I  can- 
not help  considering  this  latent  heat  which  was  in  it,  as  having 
been  the  cause  of  its  protracted  fluidity  *." 

The  same  argument,  with  regard  -to  the  cause  of  fluidity,  is 
repeated  by  De  Luc.  "  The  loss  of  caloric,  which  we  observe 
at  the  moment  of  liquefaction,  proceeds,  we  are  told,  from  the 
change  of  capacity  of  the  substance  liquefied.  It  is  not  then 
until  the  capacity  is  changed  that  the  heat  diminishes  ;  but 
when  the  capacity  has  changed,  we  have  already  a  hquid  in- 
stead  of  a  solid.  Wliat  then  is  the  cause  of  that  change  of 
form  ?  Of  this  we  are  told  nothing  ;  and  it  is  thus  that  one 
of  the  most  important  natural  phenomena  is  left  unaccounted 
forj." 

It  is  to  be  acknowledged,  that  there  appears  a  difficulty  in 
the  circumstance  here  pointed  out.  The  temperature  of  a  fluid 
at  its  formation,  is  no  higher  than  that  of  the  solid  from  which 
it  has  been  formed.  By  what  cause,  then,  is  its  fluidity  deter- 
mined ;  or  by  what  operation  can  the  substance  exist,  both  in 
the  fluid  and  solid  form  at  the  same  temperature  ?  What  can 
be  presumed  more  probable,  than  tliat  a  part  at  least,  if  not 
the  whole  of  the  caloric  which  becomes  latent,  produces  the 
change  of  form,  while  another  portion  may  be  absorbed^  from 
the  augmentation  of  capacity  which  is  the  consequence  of  that 
change. 

This  difficulty  appears  to  me  to  arise  entirely  from  the  dif- 
ficulty of  forming  a  clear  conception  of  the  nice  balance  of 
antagonist  powers,  according  to  the  predominance  of  which 
the  body  exists  in  the  solid  or  fluid  state.  The  fluidity  is  de- 
termined by  the  operation  of  sensible  caloric  counteracting  the 
attraction  of  cohesion  in  the  solid,  until  at  a  certain  point  the 
attraction  is  so  far  weakened  as  to  admit  of  the  particles  pass- 
ing into  a  new  arrangement,  and  moving  easily  with  regard  to 
each  other,  by  which  the  fluid  state  is  formed.  Let  it  be 
granted,  that,  in  a  solid  body,  a  force  of  cohesion  is  exerted 
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between  its  particles  ;  let  it  also  be  granted,  that  the  opcrfltioB 
of  caloric  is  by  its  expansive  energy  to  weaken  that  cohesion, 
according  to  the  quantity  of  it  introduced  ;  from  these  data, 
which  will  not  be  disputed,  it  is  drmonstrable,  that  there  is 
some  point  in  the  thermometrical  scale  at  which,  from  the  ope- 
ration of  sensible  caloric,  the  cohesion  will-  be  so  far  weakened, 
that  the  particles  will  move  easily  with  regard  to  each  othe  r,  a 
state  which  constitutes  fluidity ;  and  that  at  another  point,  this 
remaining  cohesion  will  be'  completely  overcome,  and  a  reptil- 
aion  established  between  these  particles.  J^ct  caloric  be  com- 
municated to  a  piece  of  ice  at  20°,  its  temperature  is  raised  to 
25°  ;  its  particles,  by  this  rise,  are  so  far  separated  from  each 
other,  and  its  cohesion  so  far  overcome.  If  more  caloric  be 
communicated,  the  expansion  continues  to  proceed,  and  the 
force  of  cohesion  to  be  weakened.  Let  32°  be  the  point  at 
which  these  two  powers  are  balanced,  and  at  which  the  body 
is  on  the  very  verge  of  change,  the  smallest  divisible  portion  of 
caloric,  a  portion  by  far  too  minute  to  be  detected  by  our  most 
delicate  instruments,  may  subvert  the  balance,  and  effect  the 
change.  Indeed,  ice  cannot  exist  at  32°  witholit  melting.  At 
this,  therefore,  it  is  past  the  last  point  of  temperature  consi-;- 
tent  with  solidity,  which  mus't  be  a  fractional  part  below  32°. 

This  may  be  represented  by  a  very  simple  diagram.  Let 
the  line  A  B  represent  the  scale  of  temperature  from  B 
the  zero  A  to  any  natural  temperature,  say  50°  of 
Fahrenheit  ;  and  let  that  part  of  the  line  from  A  to 
where  it  is  cut  by  the  line  C,  represent  that  extent 
of  the  scale  of  temperature  in  which  a  body  exists  in 
the  solid  form.  If  caloric  be  communicated  to  the 
solid  through  that  part  of  the  scale,  it  will  separate 
its  particles,  and  diminish  progressively  the  force  of 
its  cohesion.  It  is  not  difficult  to  conceive,  that  by 
thus  adding  caloric,  a  point  will  at  length  be  arrived 
at,  in  the  scale  of  temperature,  at  which  the  antagonist  powers 
shall  be  exactly  balanced,  and  beyond  which,  either  attrac- 
tion on  the  one  side,  or  repulsion  on  the  other,  will  be  ex- 
cited.   Let  the  line  C  intersect  A  B  at  this  precise  point  at 
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which  the  attraction  of  the  sohd  ceases,  so  far  as  to  admit  of 
mobility  of  its  parts,  it  is  easy  to  conceive  that  this  may  be  an 
indivisible  line,  on  one  side  of  which  the  body  shall  be  solid, 
on  the  other  fluid,  and  that  of  course  it  shall  be  impossible  for 
»is  to  detect  any  difference  of  temperature  in  the  body  in  the 
one  state  or  in  the  other.  The  same  explanation,  it  is  obvious, 
applies  to  vaporisation. 

1  consider  this  answer  sufficient ;  and  I  regard  it  not  merely 
as  an  hypothesis  proposed  to  obviate  an  objection,  but  as 
probably  a  just  representation  of  the  manner  in  which  these 
changes  of  form  happen. 

The  violence  of  the  change  which  Dr  Black  mentions,  is  in 
nowise  inconsistent  with  this  view.  If  the  expansion  is  pro- 
gressive until  it  reach  a  certain  point,  beyond  which  it  shall  be 
so  far  weakened  as  td  admit  either  of  a  new  arrangement  of  the 
particles,  or  of  a  repulsion  being  established  between  them,  it  is 
obvious,  that  in  this  progression  the  smallest  addition  of  force 
when  the  extreme  point,  is  arrived  at,  will  be  sufficient  to  pro- 
duce the  most  important  effect.  If  a  particle  be  gradually  re- 
moved, until  it  is  without  the  sphere  of  attraction,  the  mo- 
ment it  is  repelled,  the  repulsion  is  as  strong  as  at  any  other 
distance. 

With  regard  to  the  fact  mentioned  in  Dr  Black's  argu- 
ment, that  water  may  be  cooled  7°  or  8°  below  32°  without 
returning  to  the  sohd  state,  and  the  query,  "  What  is  the  cause 
which  hinders  the  cohesive  attraction  from  producing  its  ef- 
fect, and  changing  the  liquid  into  a  solid  ?"  it  is  to  be  remark- 
ed, that  the  introduction  of  this  circumstance  merely  renders 
the  question  unnecessarily  comphcated  ;  ic  is  a  difficulty,  pro- 
perly speaking,  with  regard  to  the  theory  of  fluidity,  and  not 
peculiarly  connected  with  the  absorption  '  of  caloric  which  at- 
tends that  process  ;  for  it  is  obvious,  that  it  is  equally  appli- 
cable to  the  one  explanation  as  it  is  to  the  other.  It  may 
equally  be  urged  against  the  defenders  of  Dr  Black's  doc- 
trine, why,  if  fluidity  depend  on  a  combination  of  the  body 
with  caloric,  which  combination,  in  the  example  of  ice,  takes 
place  at  32°,  and  not  lower,  why  is  that  combination  not  sub- 
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verted,  when  the  temperature  of  the  fluid  is  reduced  below  this 
point  ? 

It  will  even  be  found  more  difficult  to  remove  the  objection 
on  Dr  Black's  hypothesis  than  on  the  other.  In  ascribing  these 
changes  of  form  to  the  prevailing  force  of  one  of  two  opposing 
powers,  cohesion  and  the  expansive  energy  of  caloric,  it  has  al- 
ready been  stated,  that  this  particular  phenomenon  is  explained 
on  the  hypothesis,  apparently  indicated  by  the  phenomena,  of 
a  polarity  in  the  particles  of  the  substances  in  which  it  is  ob- 
served ;  in  consequence  of  which,  in  becoming  solid,  they  are 
disposed  to  pass  into  certain  arrangements,  or  unite  by  certain 
sides  in  preference  to  others  ;  that  the  mere  reduction  of  tem- 
perature to  a  certain  extent,  docs  not  necessarily  place  them  in 
those  positions  in  which  they  are  most  disposed  to  unite,  but 
that,  by  agitation  or  motion  impressed  on  the  particles,  some 
will  be  placed  in  these  favourable  positions,  or,  by  the  contact 
of  a  sohd  particle,  a  surface  will  be  afforded,  whence  the  exer- 
tion of  the  attraction  will  commence.  In  this  way,  this  pheno- 
menon may  be  explained,  independent  of  any  peculiar  combina- 
tion of  caloric,  while,  on  the  hypothesis  of  such  a  combination, 
it  will  be  found  equally  difficult  to  explain,  why,  when  the  liquid 
is  reduced  in  temperature  a  very  little  below  the  point  at  which  it 
had  assumed  the  liquid  state,  the  peculiar  combination  on  which 
this  is  supposed  to  depend  should  not  be  subverted  ;  or  how  the 
subversion  of  this  chemical  union  should  immediately  be  effected 
by  the  contact  of  a  solid  particle,  or  by  agitation  of  the  fluid. 

In  relation  to  this  question.  Professor  Robison  contended  *, 
that  fluidity  is  not  to  be  regarded  as  arising  merely  from  the  se- 
paration of  the  particles  of  the  solid  to  such  distances,  that  the 
attraction  of  cohesion  is  greatly  weakened,  but  that,  in  that 
state,  a  peculiar  arrangement  exists  among  the  particles,  consti- 
tuting fluidity  ;  that  there  is  among  them  an  equahty  of  action, 
so  that,  in  all  positions,  they  attract  each  other  with  the  same 
force  ;  while,  in  a  solid,  there  is  an  inequality  of  actioii,  or  they 
attract  each  other  more  in  one  direction  than  in  another,  whence 
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all  positions  are  not  indifFerenb,  and  a  force  is  required  to  change 
tlieir  arrangement.  This  view  of  fluidity,  I  have  observed  in  the 
text,  is  probably  just ;  but  admitting  it,  it  is  obvious,^that  these 
kinds  of  action,  these  dispositions  or  arrangements,  may  depend 
on  tire  distances  at  which  the  particles  are  placed  with  regard 
to  each  other  by  the  powers  of  cohesion  and  sensible  caloric  ; 
the  separation,  to  a  certain  distance,  diminishing  inequality  of 
action,  or  allowing  the  polarity  to  be  exerted  in  a  peculiar  man- 
ner ;  and  that  there  is  no  reason  to  suppose  that  such  an  arrange- 
ment in  fluids  is  the  result  of  a  peculiar  combination  of  the  par- 
ticles with  caloric. 

The  conversion  of  a  fluid  into  vapour,  is  to  be  explained  in 
precisely  the  same  manner  as  the  fusion  of  a  solid  ;  sensible  ca- 
loric producing  expansionj  and  separating  the  particles  from  eack 
other.  The  only  difference  is,  that  this  proceeds,  not  only  un- 
til, as  in  fluids,  the  cohesion  is  much  weakened,  but  until  it  ie 
entirely  overcome,  and  the  particles  repel  each  other  ;  and  there ' 
is  a  fact  with  regard  to  this  change, — that  it  is  resisted  by  pres- 
sure, or  that,  after  it  has  been  effected,  pressure  is  sufficient  to 
bring  back  the  vapour  to  its  fluid  state,  sufficient  to  prove  that 
this  view  is  just.  Pressure^^t  is  evideat,  can  have  only  a  mecha- 
nical effect.  By  resisting  the  separation  of  the  particles,  it  mav 
counteract  the  operation  of  sensible  caloric,  and  prevent  the 
transition  to  the  aeriform  state,  or,  if  applied  to  a  vapour,  it 
may  cause  an  approximation  of  the  particles,  and  favour  the  ex- 
ertion of  the  cohesive  attraction  ;  but  we  perceive  not  how  it  can 
prevent  caloric  from  catering  into  a  chemical  combination,  or 
separate  it  where  it  has  been  combined.  The  fact  is  a  conclu- 
sive one,  in  proving  that  the  body  changes  its  form  first,  and 
that  then  the  caloric  is  absorbed  or  disengaged  ;  for  the  pres- 
sure may  influence  the  change  of  form,  by  its  effects  on  the  dis- 
tances at  which  the  particles  are  placed,  but  cannot  obviously 
influence  a  chemical  combination  if  it  did  exist. 

Some  have  imagined,  that  the  constitution  of  the  gases  term- 
ed permanent, — their  resisting  every  mean  employed  to  reduce 
them  to  the  fluid  or  solid  state,  is  a  proof  of  the  combination  of 
caloric  j  the  attraction  of  caloric  to  the  bases  of  these  gases  be- 
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ing  supposed  to  be  so  strong,  that  their  change  of  form  cannot 
be  effected  ;  and  this  is  an  argument  which  has  been  often  ur, 
ged.  It  is  stated  with  several  others  not  more  coflcfusive,  by- 
Professor  Robison,  in  his  fifth  note  to  Dr  Black's  Lectures. 
This  circumstance,  however,  does  not  show  a  more  intimate 
combination  of  cahiric,  or  a  stronger  attraction  between  it  and 
the  solid  matter.  There  can  be  little  doubt,  but  that  the  dif- 
ference between  the  vapours  and  gases  depends  on  the  solid  mat- 
ter of  the  latter  assuming  the  aerial  form  at  lower  temperatures 
than  the  fonner  do  ;  and  the  analogy  between  them  is  so  direct 
and  complete,  that  we  may  assent  with  confidence  to  the  doc- 
trine of  Lavoisier,  that  this,  and  not  a  more  intimate  union  of 
caloric,  is  the  cause  of  the  apparent  difference  between  them. 

The  argument  which  has  been  stated,  in  support  of  caloric 
being  capable  of  exerting  chemical  affinities,  and  entering,  in 
consequence  of  such  affinities,  into  the  composition  of  gases, 
from  the  fact  that  it  promotes,  or  often  alone  effects,  the  decom- 
position of  compounds  containing  an  elastic  ingredient,  is  equal- 
ly fallacious.  When  an  elastic  substance  is  combined  with  a 
fixed  one,  on  exposing  the  compound  to  heat,  it  remains  unde- 
composed  for  a  certain  extent  of  t^perature  ;  but  when  this  is 
raised  higher,  the  decomposition  commences  :  and  this  has  been 
ascribed  to  the  caloric  exerting  a  more  powerful  affinity  to  the 
elastic  ingredient,  than  the  affinity  which  exists  between  that  in- 
gredient and  the  fixed  one.  But  it  is  obviously  owing  to  the 
mechanical  effect,  arising  from  the  elasticity  communicated  by 
the  caloric.  There  is  no  proof  that  any  energetic  attraction  is 
exerted  to  the  elastic  ingredient,  or  any  attraction  different  from 
that  by  which  it  would  be  held  by  this  substance  as  caloric  of 
temperature. 

For  the  reasons  I  have  now  stated,  it  appears  to  me,  that 
there  can  be  little  hesitation  in  rejecting  the  opinion,  that  the 
absorption  of  caloric,  which  accompanies  liquefaction  and  vapo- 
risation, is  owing  to  it  entering  into  a  more  intimate  combina- 
tion with  the  body  which  has  changed  its  form.  If  the  view 
now  exhibited  of  these  phenomena  be  just,  it  is  a  mistake  to 
make  any  distinction, between  what  are  termed  latent  and  sensi- 
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ble  caloric.  The  fact  must  no  doubt  be  expressed,  that  when  a 
body  passes  from  the  soUd  to  the  fluid,  or  from  the  fluid  to  the 
aeriform  state,  a  quantity  of  caloric  is  absorbed  by  it,  which  has 
no  effect  in  increasing  its  temperature.  But  we  are  not  to  con- 
sider this  caloric  as  existing  in  the  body  in  a  different  state  from 
the  other  portion  of  caloric  it  contains  ;  nor  is  it  only  at  the 
transition  of  form  that  a  larger  quantity  of  caloric  is  necessary 
to  produce  in  it  a  given  temperature.  At  every  subsequent  in- 
crease of  temperature,  the  fluid  requires  more  caloric  than  the 
solid,  and  the  vapour  more  than  the  fluid  ;  and  therefore,  were 
such  a  distinction  just,  it  would  require  to  be  said,  that  at  every 
successive  elevation  of  temperature,  a  portion  of  the  caloric  re- 
ceived by  the  fluid  passed  into  a  latent  state. 

It  may  be  granted  that  caloric,  if  a  material  substance,  is 
in  this  state,  combined  with  the  body,  or  retained  by  an  attrac- 
tion ;  but  this  attraction  is  the  same  as  that  by  which  the  ca- 
loric in  a  solid  body  is  retained,  which  modifies  the  tendency  of 
this  power  to  exist  in  bodies  in  quantities  proportioned  to  the 
space  they  occupy,  which,  in  a  word,  gives  rise  to  their  specific 
capacities. 

This  leads  to  the  discussion,  however,  whether  the  difference 
itself,  of  capacity  in  bodies,  in  whatever  state  they  exist,  may 
not  proceed  from  a  chemical  combination  of  caloric.  By  say- 
ing that  different  bodies,  or  different  forms  of  the  same  body, 
have  different  capacities  for  caloric,  we  merely  express  the  ge- 
neral fact,  that  in  equal  quantities,  and  at  equal  temperatures, 
they  contain  unequal  quantities  of  this  power.  But  may  this 
not  be  owing  to  a  more  intimate  combination,  analogous  to  che- 
mical union,  of  part  of  the  caloric, — of  that  part  of  it  in  each 
body,  which  amounts  to  the  difference  of  the  quantity  it  con* 
tains,  compared  with  another? 

The  slightest  reflection  is  sufficient  to  show  that  this  suppo- 
sition is  inadmissible.  If  the  excess  of  caloric  which  one  body 
contains  above  another,  be  in  a  state  of  combination  different 
from  that  which  proditces  temperature,  then  the  quantity  of  free 
caloric,  or  caloric  of  temperature,  must  in  all  bodies  be  the 
same  ;   and  hence,  in  equal  reductions  of  temperature,  they 
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ought  to  give  out  equal  quantities,  proportioned  to  their  quan- 
tity of  matter.  It  is  only  when  the  body  is  reduced  to  the  low- 
est  point  of  the  thermometrical  scale,  that  the  excess  which  the 
one  contains  above  the  other,  if  it  were  chemically  combined, 
ought  to  be  given  out.  They  give  out,  however,  in  all  our  ex- 
periments, unequal  quantities  ;  and  to  account  for  this,  the  sup- 
position, that  the  portion  of  caloric  which  one  contains  above  an- 
other is  in  a  state  of  chemical  combination,  cannot  be  assigned.. 

Whether,  therefore,  the  question  be  considered  as  relating  to 
the  cause,  why  different  bodies  contain,  at  the  same  temperature, 
unequal  quantities  of  caloric  ;  or  to  the  cause,  why  different 
forms  of  the  same  body  follow  the  same  law  ;  in  neither  case, 
can  it  be  supposed  that  a  chemical  combination  of  part  of  that 
caloric,  of  that  part  which  is  in  excess,  is  the  cause  of  the  dif- 
ference ;  and  as  the  phenomena  are  in  both  cas?s  the  same,  tliey 
must  be  ascribed  to  the  same  cause  :  or,  according  to  the  view 
which  I  have  already  given  in  considering^the  cause  of  the  dif- 
ferent capacities  of  bodies  for  caloric,  (p.  36i5-6),  tliat  the 
quantities  of  caloric  in  different  bodies,  and  in  different  forms 
of  the  same  body,  will  be  in  ratios  determined  by  their  mecha- 
nical structure  or  the  space  they  occupy,  and  the  specific  attrac- 
tion which  each  exerts  towards  it,  the  whole  quantity  will  be 
regulated  by  this  law  ;  and  there  is  no  reason  to  believe,  that 
in  either  case,  one  portion  is  in  a  different  state  of  combination 
front  another.  Or,  in  conformity  to  Dr  Irvine's  views,  though 
in  language  unconnected  with  any  hypothesis,  the  general  fact 
may  be  expressed,  that  caloric,  whatever  may  be  its  nature,  is 
to  be  considered  as  a  power  diffused  over  matter  ;  as  the  cause 
of  that  state  of  bodies  termed  Temperature  ;  as  having  a  ten- 
dency to  diffuse  itself  until  a  common  temperature  is  formed  ; 
but,  for  the  production  of  this  temperature  in  different  bodies^ 
and  in  different  forms  of  the  same  bodi/,  unequal  quantities  of  this 
power  ai-e  required. 

The  merits  of  this  theory,  contrasted  with  what  is  termed 
the  Doctrine  of  Latent  Heat,  cannot  be  better  described  tlian 
they  have  been  by  Mr  Leslie.  "  It  was  reserved  for  the  cele- 
brated Dr  Black  to  examine  the  phenomena  of  the  passage  to 
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fluidity,  with  accurate  attention  ;  and,  had  that  able  chemist 
discerned  all  its  consequences,  or  possessed  the  boldness  and  ar- 
dour of  his  rivals,  he  would  have  deserved  our  unqualified  praise. 
But  he  satisfied  himself  with  taking  a  partial  glimpse  of  the 
subject ;  while  the  theory  of  cajiacifj/,  at  once  so  luminous  and 
comprehensive,  was  reared  without  his  participation.  Not  da- 
ring to  reject  the  system  of  Boerhaave,  he  sought  only  to  cor- 
rect it.  That  correction  was  however  insufficient  ;  for,  besides 
the  quantity  of  heat  absorbed  in  the  passage  of  ice  to  water, 
the  fluid  henceforth  requires  larger  additions  than  it  did  in  its 
former  state  to  produce  the  same  ascents  of  temperature.  If 
the  term,  latent  expressed  merely  a  simple  fact,  it  might  be  ad- 
mitted ;  but  viewed  in  opposition  to  its  corelative,  sensible,  it 
conveys  an  erroneous  notion,  as  if  heat  lodged  in  a  body  con- 
sisted of  two  distinct  species  or  modifications.  The  ideas  asso- 
ciated with  the  expression  latent  heat,  have  spread  a  cloud  of 
mystery  and  paradox  most  unfavourable  to  the  progress  of  real 
science.  Notwithstanding  the  obstinacy  of  habit,  they  are  in- 
deed falling  into  discredit,  and  must  soon  melt  away  into  a  sys- 
tem which  is  iar  more  general,  consistent  and  philosophical.*." 

2d,  1  have  observed  in  the  statement  of  the  subject  of  this  dis- 
cussion, that  there  is  a  different  view  under  which  tlie  question, 
whether  any  portion  of  caloric  exists  in  bodies  in  a  state  of  che- 
mical combination,  has  been  considered.  Some  eminent  chemists, 
without  supposing  that  the  difference  in  the  quantities  of  calo- 
ric in  different  bodies,  or  that  the  absorption  of  it  during  lique- 
faction and  vaporisation,  is  owing  to  chemical  combination, 
have  supposed  that  there  may  be  a  portion  of  caloric  existing 
in  bodies  in  such  a  state  of  combination.  This  opinion,  it  is 
obvious,- has  no  connection  with  the  preceding  one  ;  and  the  one 
may  be  true,  while  the  other  is  false. 

Lavoisier  and  La  Place  inclined  to  the  hypothesis  I  have  now 
stated,  in  consequence  of  their  experiments  with  the  calorime- 
ter ;  from  which  it  appeared  to  be  proved,  that,  in  different 
cases  of  chemical  combination,  the  quantity  of  caloric  rendered 
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sensible  does  not  coirespoiitl  to  tlie  changes  of  capacity  that 
take  place,  but  is  Bometimes  grt  ater,  in  other  cases  li  ss.  It  ap. 
peared,  therefore,  to  follow,  that  there  exists  in  bodies  a  quati- 
tity  of  caloric  in  some  other  state  than  what  the  capacity  indi- 
cates. This  opinion  has  been  siill  more  decidedly  maintained 
by  sonie  of  the  French  chemists.  They  conceive,  that  besides 
the  caloric  of  temperature  in  a  hotly,  the  quantity  of  which  is 
in  each  regulated  by  its  capacity,  there  exists  another  portion 
chemically  combined  with  the  particles  of  that  body,  and  not 
productive  of  temperature. 

The  principle  on  which  this  hypothesis  is  to  be  determined, 
is  that  just  now  stated,  as  regulating  the  conclusion  drawn  by 
Lavoisier  and  La  Place  from  their  experiments.  If  we  find  rea- 
son to  conclude  from  experiment,  that  the  absolute  quantity  of 
caloric  contained  in  a  body  is  precisely  proportional  to  its  spe- 
cific caloric  or  capacity,  it  follows,  that  no  portion  of  caloric 
in  bodies  is  in  a  more  intimate  combination  than  another ;  but 
if  it  shall  appear,  that  the  absolute  caloric,  as  calculated  from 
experiments,  is  not  as  the  specific  caloric,  it  is  concluded  that 
there  will  be  grounds  for  drawing  the  opposite  conclusion,  and 
that  some  portion  of  that  caloric  must  be  in  a  state  of  combina- 
tion. 

If  it  shall  be  found,  by  a  series  of  experiments  on  the  chan- 
ges of  capacity  from  different  combinations  or  changes  of  form, 
that  the  zero  is  at  the  same  point  in  the  thermometrical  scale, 
it  may  be  concluded,  that  the  absolute  caloric  is  proportioned 
to  the  capacity,  and  that  of  course  no  portion  exists  in  a  state 
of  combination  ;  but  if  it  shall  be  found,  that  by  calculation 
from  different  experiments,  the  zero  is  placed  at  different  parts 
of  the  scale,  the  opposite  conclusion  will  be  estabhshed  ;  for 
the  determination  of  the  zero  depending  on  the  relation  which 
the  diminution  or  increase  of  capacity  has  to  the  augmenta- 
tion or  reduction  of  temperature,  it  follows,  that  if  in  some 
cases  augmentations  of  temperature  arise,  partly  from  a  dimi- 
nution of  capacity,  and  partly  from  a  portion  of  caloric  che- 
mically combined  being  set  free,  while  in  other  cases  they  a- 
risc  solely  from  diminution  of  capacity,  the  zero,  as  calculated 
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from  these  alterations  of  capacity  and  of  temperature,  will  vary ; 
or  if,  in  all  cases,  the  augmentation  of  temperature  arise  partly 
from  the  one  cause,  partly  from  the  other,  as  there  can  be  no 
reason  for  supposing  that  a  constant  reb.tion  wil'  subsist  be- 
tween these,  a  variation  in  the  point  at  which  the  zero  fixed 
must  be  abserved.  But  if  the  zero  turn  out  unifnfm,  it  fol- 
lows, that  caloric  is  contained  in  bodies  only  in  proportion  to 
the  capacity  *. 

The  experiments  which  were  made  by  Irvine,  Crawf  )rd  and 
Gadotin,  and  which  arc  stated  in  the  st  ction  on  the  absolute 
quantities  of  caloric  in  bodied,  were  favijurable  to  the  conclu- 
sion, that  the  quantity  of  caloric  in  bodies  is  in  proportbn  to 
tiieir  capacities,  and  that  therefore  none  of  it  exists  in  a  state 
of  chemical  combination.  Irvine  and  Crawford  found,  in  their 
experiments,  that  evolutions  of  caloric  were  always  accompa- 
nied with  diminutions  of  capacity  in  the  bodies  concerned,  and 
absorptions  of  caloric  with  enlart^ements  of  capacity,  and  that 
these  were  proportional  to  each  bt^her,  or  at  leait  the  deviations 
were  not  inconsistent  with  that  law,  of-  Were  'not  greater  than 
might  be  account  d  for  from  t'le  iftaccurades  to  which  such 
experiments  are  unavoidably  liable  ,f  • 

Gadolin  instituted  a  series  of  experiments  with  the  vievir  of 
determining  this  point,  by  observing  the  degrees  of  cold  pro- 
duced during  the  solution  of  sea-salt  in  various  proportions  in 
water,  and  comparing  them  with  those  which  ought  to  have 
been  produced  from  the  known  capacities  of  the  salt  and  wa- 
ter, and  of  the  solution  after  the  experiment.  The  correspon- 
dence in  these  experiments,  between  the  observed  and  compu- 
ted results,  is  extremely  striking,  and  '*  put  beyond  all  doubt, 
that  the  colds  produced  are  entirely  owing  to  the  changes  of 
the  comparative  heats,  and  that  no  part  of  the  heat  has  been 
chemically  combined."  In  another  series  of  experiments  witli 
sea-salt  and  snow,  the  same  results  were  obtained.  And  in  a 
third,  made  on  the  combinations  of  sulphuric  acid  and  water, 
any  differences  between  the  obsei'vcd  and  the  calculated  capaci- 


•  Crawford  on  Heat,  p.  377.  f  Ihid.  p.  2(59. 
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ties,  were  not  greater  than  what  might  be  supposed  to  arise 
from  errors  committed  in  ascertaining  the  former,  and,  from 
some  considerations,  it  appears  must  have  been  owing  to  that 
cause  *. 

The  experiments,  however,  of  Lavoisier  and  La  Place,  the 
results  of  which  I  have  given  in  the  section  on  the  absolute 
quantities  of  caloric  in  bodies,  are  by  no  means  so  favourable 
to  the  same  conclusion,  but  appear  at  first  view  altogether  in- 
consistent with  it ;  or  the  absolute  quantities  of  caloric  contain- 
ed in  bodies,  do  not  appear  to  correspond  with  their  specific 
calorics ;  and  hence  the  zero,  as  it  is  calculated  from  different 
combinations,  is  found  at  very  different  points  in  the  thermo- 
metrical  scale;  in  one  at  —  SIGO;  in  another  at  —  7294;  in  a 
third  —  2630  ;  and  in  a  fourth  at  a  point  physically  impossible, 
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being  —0.01783,  or  238.3760  of  Fahrenheit  above  ?2o.  Those 
of  Mr  Dalton  stated  in  page  412.  of  the  text,  are  also  extreme- 
ly discordant. 

Does  the  conclusion  then  follow  from  these  discordant  re- 
sults, that,  besides  the  caloric  contained  in  bodies  proportioned 
to  their  capacities,  a  portion  exists  in  a  state  of  combination, 
part  of  which  is  evolved  during  their  mutual  chemical  actions  ? 

The  admission  of  such  a  conclusion  rests  altogether  on  the 
presumption,  that,  ip  the  experiments  in  which  these  discre- 
pancies were  observed,  the  capacities  of  the  bodies  concerned, 
or,  what  is  the  same  thing,  their  specific  calorics,  had  been  ac- 
curately known,  this  being  obviously  presumed  before  it  could 
be  decided  that  these  differed  from  the  absolute  quantities  of 
caloric  ;  and  an  error  not  very  considerable  in  the  estimation  of 
these  capacities  would  be  sufficient  to  reconcile  these  discor- 
dant results.  This  is  very  fairly  stated  by  La  Place  himself. 
*i  The  precision,"  says  he,  **  with  which  it  is  necessary  to 
know  the  specific  heats  of  bodies,  renders  it  very  difiicult  to 
verify  the  theory,  at  least  by  the  combinations  which  we  have 
employed^  owing  to  this,  that  the  absolute  heat  of  bodies  be- 
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img  very  considerable,  relative  to  that  which  they  give  out  in 
their  combinations,  a  small  error  with  regard  to  their  specific 
heats  will  produce  a  very  great  error  in  the  absolute  quantity 
of  heat."  And  he  adds,  "  That  a  very  trivial  alteration,  at 
most  that  of  a  fortieth,  in  the  estimation  of  the  sfiecific  heats 
we  employed,  would  be  sufficient  to  cause  all  our  results  to 
coincide.  Now,  we  cannot  say  that  an  error  so  inconsiderable 
has  not  crept  into  our  experiments 

That  it  is  impossible  to  ascertain,  by  the  methods  hitherto 
employed,  the  capacities  of  bodies  with  such  accuracy  as  to 
exclude  errors  not  greater  than  this,  will  be  admitted  by  every 
one  who  has  given  any  attention  to  this  subject..  If  those  who 
have  bestowed  the  greatest  care  on  these  experiments,  and 
whose  accuracy  cannot  be  questioned, — Black,  Gadolin,  and 
Lavoisier, — have  diff.  red  in  so  simple  a  fact  as  the  quantity  of 
caloric  which  is  absorbed  when  ice  is  converted  into  water,  the 
first  stating  it  at  140  degrees  of  Fahrenheit,  the  second  at 
143°-,  and  the  third  at  135^,  how  can  it  be  supposed  that  we 
have  been  able  to  determine  with  accur.  cy  the  more  difficult 
point,  the  capacity  of  a  body  for  caloric  ?  If  we  examine  the 
table  of  capacities,  we  shall  find  differences  in  the  estimation  of 
the  capacity  of  the  same  substance,  not  merely  of  a  fortieth, 
but  of  a  tenth,  or  even  a  fourth.  The  capacity  of  alkohol  is 
stated  by  Crawford  602,  by  Irvine  930 ;  of  sulphuric  acid  by 
Crawford  4-29,  by  Lavoisier  335  ;  of  tin  by  Crawford  70,  by 
Wilcke  60.  Many  similar  examples  might  be  given  ;  and  in* 
deed  there  are  not  many  instances  in  which  the  capacity  of  a 
body,  determined  by  two  experimenters,  coincides  so  nearly  as 
one-fortieth.  It  is  evident,  therefore,  from  the  admission  of  La 
Place  himself,  that  these  experiments  afford  no  support  to  the 
doctrine  of  combined  caloric. 

The  same  chemists  state  another  experiment,  the  result  of 
which,  in  the  opinion  of  La  Place,  cannot,  by  the  admission  of 
any  supposed  error,  be  reconciled  with  the  others.  It  is  that 
of  the  solution  of  nitrate  of  potassa  in  water.    A  degree  of 
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cold  always  attends  the  solution ;  and  therefore,  according  te 
the  general  theory,  the  capacity  of  the  solution  of  the  nitrate 
of  potassa  must  be  greater  than  the  mean  capacity  of  the  salt 
and  the  water.  They  give  it,  however,  as  less ;  the  calculated 
capacity  being  0.68889,  while  the  real  capacity  is  only  0.8167  ; 
and  therefore  a  rise,  instead  of  a  fall  of  temperature,  ought  to 
have  attended  the  solution. 

The  force  of  this  conclusion,  however,  seems  still  to  rest  on 
the  admission  of  the  accuracy  of  the  estimation  of  the  capacities; 
and  it  has  lately  been  sufficiently  obviated  by  Dr  Irvine  junior, 
who  by  experiment  has  found  the  capacity  of  such  a  solution  of 
nitrate  of  potassa  to  be  914  instead  of  816.  This  agrees,  there- 
fore, sufficiently  with  the  result  of  the  experiment.  Gadohn  had 
before  made  the  solutions  of  sea-salt  in  water,  to  which  La 
Place  likewise  refers,  the  subject  of  experiment  ;  and  had  found, 
that  the  changes  of  temperature  attending  the  solution,  corre- 
sponded very  exactly  with  the  changes  of  capacity. 

I  must  observe,  however,  that  there  is  another  view  under 
which  this  subject  may  be  considered,  more  favourable  to  the 
doctrine  of  combined  caloric,  or  which  it  is  more  difficult  to  re- 
concile with  the  hypothesis,  that  the  caloric  existing  in  bodies 
is  proportioned  to  their  capacities,  or  is  in  no  other  state  than 
that  of  free  caloric,  or  caloric  of  temperature.  Tt  is  remarked 
by  BerthoUet,  that  the  nitrate  of  potassa,  which  in  the  last  ex- 
periment diminishes  the  specific  caloric  of  the  water,  (and  even 
in  Irvine's  experiment  it  does  so),  contains  more  than  30  in  the 
100  of  oxygen,  which  retains  nearly  all  the  caloric  it  had  in  the 
gaseous  form  ;  and,  according  to  Crawford,  oxygen  gas  contains 
almost  five  times  much  specific  caloric  as  water  ;  whence  it 
follows,  that  could  the  absolute  caloric  in  a  body  be  fairly  esti- 
mated from  its  specific  caloric,  the  capacity  of  this  salt  should 
much  exceed  that  of  water;  and  of  course,  the  capacity  of  its 
solution  in  that  fluid  shall  also  be  greater  than  that  of  pure  wa- 
ter, while  it  is  actually  less. 

From  tracing,  indeed,  the  formation  of  nitre  and  some  analo- 
gous salts,  in  which  much  oxygen  enters  into  their  composition, 
without  parting  with  the  large  quantity  of  caloric  it  contains, 


NOTES.  6S1 

while  at  the  same  time  the  capacities  of  these  salts  are  not  dis- 
covered by  experiment  to  be  unusually  large,  it  seems  evident, 
that  a  quantity  of  caloric  must  exist  in  bodies,  which  cannot 
be  estimated  from  their  known  capacities.  To  take  nitre  as 
an  example,  and  to  go  no  farther  back  in  the  steps  of  its  for- 
mation than  where  the  evolutions  of  caloric  can  be  clearly  trac- 
ed, we  find,  that  when  the  acid  which  exists  in  it  is  formed,  by 
the  combination  of  nitrous  gas  with  oxygen  gas,  the  quantity 
of  caloric  disengaged  is  inconsiderable,  and  much  less  than  what 
-is  disengaged  from  the  combination  of  the  same  quantity  of 
oxygen  gas  with  any  other  substance  ;  of  course  much  of  the 
large  quantity  of  caloric  which  oxygen  contains  must  exist'^  in 
the  acid.  Again,  when  this  acid  is  combined  with  potassa  to 
form  nitre,  no  great  disengagement  of  caloric  takes  place  ;  and 
therefore,  this  large  quantity  of  caloric,  traced  from  the  oxygen 
into  the  acid,  must  also  exist  in  the  salt.  Yet  this  salt,  it  is 
affirmed,  has  no  great  capacity  for  caloric  ;  and  lience  it  might 
be  concluded,  that  much  of  the  caloric  it  obviously  does  con- 
tain, must  exist  in  it  in  a  state  of  combination  more  intimate 
than  the  quantity  contained  in  it,  as  indicated  by  its  capacity. 

We  have  some  other  analogous  cases.  When  ammonia  and 
muriatic  acid,  each  in  the  state  of  gas,  are  combined  together, 
the  quantity  of  caloric  extricated  is  far  from  being  considerable, 
though  in  this  case  two  gaseous  bodies,  by  their  union,  pass  into 
a  concrete  state  ;  a  change  of  form  that  might  be  supposed  ac- 
companied with  a  considerable  change  of  capacity. 

On  the  other  hand,  if  we  decompose  water  by  adding  to  it 
iron  or  zinc  filings,  assisted  by  the  agency  of  sulphuric  acid,  a 
large  quantity  of  hydrogen  is  rapidly  extricated,  and  passes  in- 
to the  state  of  gas.  Hydrogen  gas  has,  according  to  Craw- 
ford's estimate,  by  far  the  largest  capacity  for  caloric  of  any 
known  body.  We  might  suppose,  therefore,  that  when  a 
quantity  is  thus  rapidly  extricated,  it  would  absorb  much  calo- 
ric, and  that  the  temperature  of  the  mixture  from  which  it  is 
evolved  would  be  reduced.  It  does  not  appear  to  be  so  >  the 
temperature  being  apparently  as  high  as  it  would  be  from  the 
mixture  of  the  sulphuric  acid  and  water  alone.  The  case  of 
deflagration  affords  precisely  the  same  objection. 
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It  may  be  difficult,  perhaps,  to  give  an  answer  to  the  ohjcc- 
tions  drawn  from  tnesc  facts,  which  v  ill  be  perfectly  conclusive; 
yet  there  are  some  considt-rations  which  lessen  its  force. 

1st,  It  is  to  be  remarked,  that  in  all  of  them  the  difficulty 
urged  is  derived  from  the  supposed  capacities  of  bodies  which 
exist  in  the  aerial  form  ;  and  vNhen  we  find  so  many  errors  in 
the  determination  of  the  capacities  "of  solids  and  liquids,  which 
can  easily  be  subjected  to  experiment,  and  in  quantities  so  large, 
as  at  least  to  reduce  considerably  the  magnitude  of  these  errors, 
we  cannot  suppose  that  the'capacities  of  aeriform  fluids  can  be 
determined  with  much  accuracy.     Not  more  than  15  or  20 
grains  of  a  gas^  says  Crawford,  can  be  easily  subjected  to  ex- 
periment.    To  what  .errors,  therefore,  must  such  experiments 
be  hable,  when,  even  in  the  determination  of  the  capacities  of 
solids,  where  we  can  operate  on  two  or  three  pounds  of  mate- 
rials, there  are  such  discordant  results  ?   And  this,  too,  inde- 
pendent of  other  circumstances,  which  are  exclusively  sources 
of  error  in  determining,  the  capacities  of  aerial  bodies.  The 
numbers,  which  are  given  on  the  authority  of  Crawford,  the 
only  chemist  w!io  has  attempted  experiments  on  this  subject, 
are  to  be  regarded  as  mere  approximations,  and,  notwithstand- 
ing all  his  attention,  it  is  far  from  being  improbable,  are  very 
remote  from  the  real  capacities.  Hence  any  conclusion,  found- 
ed on  the  supposition  that  the  capacities  of  the  substances  are 
accurately  ascertained,  or  even  that  they  are  as  accurately  gi- 
ven as  the  assigned  capacities  of  solids  or  liquids,  must  be  ex- 
tremely uncertain.    The  capacities  of  the  constituent  parts  of 
nitric  acid  may  be  much  less  than  have  been  stated ;  and  the 
capacity  of  that  acid  may  be  such  as  to  retain  all  that  caloric 
which  is  not  extricated  at  their  combination. 

2d,  There  is  another  source  of  error  in  the  reasoning  on  this 
subject,  founded  on  a  misapprehension  of  Dr  Black's  theory  of 
latent  heat,  which  is  frequently  fallen  into.  Because  It  is  de- 
monstrated,  that  a  body  in  the  aeriform  state  contains  more  ca- 
loric than  it  does  when  liquid  or  sdlid,  it  is  concluded,  that  all 
aeriform  bodies  must  contain  more  caloric  than  solids  or  liquids; 
and  that  hence,  if,  in  consequence  of  chemical  action,  gases  be- 
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come  concrete  in  a  new  combination,  there  should  be  a  copious 
extrication  of  caloric  ;  or,  on  the  other  hand,  when,  in  conse- 
quence of  such  an  action,  a  gas  is  evolved  from  a  combination 
ill  which  it  exists,  there  should  be  a  great  absorption  of  caloric, 
and  a  consequent  reduction  of  temperature.    The  comparison 
is  thus  always  made  between  the  elements  in  the  gaseous  form, 
and  the  compound  in  its  concrete  state ;  and  from  the  conden- 
sation which  the  former  experience,  it  is  conceived  that  there 
ought  to  be  much  caloric  evolved.  Now,  this  is  a  mistake.  It 
is  true,  that  a  body  in  the  aerial  form  must  contain  more  calo- 
ric than  the  same  body  in  the  liquid  or  solid  state  ;  but  it  is 
not  true  that  it  must  contain  more  caloric,  or  have  a  greater 
capacity  than  another  body  which  is  solid  or  liquid ;  and  we 
find^  even  'the  reverse  to  be  fact.    Nitrogen  gas  has  a  capa- 
city equal  only  to  0.793,  and  therefore  much  inferior  to  water, 
and  even  to  ice  ;  and  carbonic  acid  gas  has  a  capacity  exceed- 
ing that  of  water  in  the  proportion  only  of  1.045  to  1000, 
and,  according  to  Magellan,  inferior  to  a  solution  of  brown  su- 
gar, which  he  states  as  1.086.  We  perceive,  therefore,  it  does 
not  follow,  that  caloric  should  always  be  evolved  in  consider- 
able quantity  when  gases  combine  and  form  a  dense  compound, 
or  that  it  should  be  absorbed  when  a  gas  is  evolved  from  a 
dense  combination,  of  which  it  is  an  ingredient.   Were  the  ca- 
pacities of  oxygen  gas,  of  nitrogen  gas,  and  of  nitric  acid,  ac- 
curately ascertained,  it  is  far  from  being  improbable  that  the 
difference  in  the  capacity  of  the  acid  from  that  of  its  constitu- 
ents, might  be  such  as  would  perfectly  account  for  the  small 
evolution  of  caloric  that  attends  its  formation. 

Lastly,  in  all  the  cases  which  furnish  these  objections,  there 
is  a  source  of  deception  in  the  quantities  of  the  bodies  concern- 
ed. When  two  gasea^are  combined  together,  and  form  a  con- 
crete substance,  we  imagine,  from  the  large  capacities  of  the 
gases,  that  a  large  quantity  of  caloric  should  be  evolved  on  their 
union.  But  the  quantities  of  caloric  they  contain  are  estimated, 
not  by  their  volumes,  but  by  their  weights  ;  and  though  the 
volume  of  the  gases  combining  may  be  large,  the  quantity  of 
matter  is  really  small,  and  is  almost  nothing  compared  with  the 
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weight  of  the  vessel  in  wliich  tlie  experiment  must  be  made. 
Hence  the  caloric  evolved  muHt  be  inconsiderable,  and  this  ie 
quiciily  diffused  through  the  contiguous  matter.  Tlius,  in  tlie 
union  of  ammonia  with  muriatic  acid,  each  in  the  state  of  gas, 
the  vesRel  in  which  it  takes  place  becomes  si-nsibly,  but  still  only 
modi-rately  warm.  Yet,  as  is  justly  obsi-rved  by  Dr  Higgins  with 
regard  to  this  very  expi  riment,  «'  if  a  few  grains  of  the  gases 
can  thus  heat  a  vessel  of  this  weight,  during  the  union  of  their 
bases,  it  can  be  proved,  that  the  liberated  c  iloric  was  in  quan- 
tity sufficient  to  maintain  a  vaporous  state  of  the  salt  thus  form- 
ed, or  to  makf  it  almost  red  hot  *."  In  the  opposite  case  of 
an  evolution  of  caloric,  we  are  deceived  in  the  same  way.  In 
the  evolution  of  hydrogen  gas,  from  the  decomposition  of  wa- 
ter by  sulphuric  acid  and  iron,  we  are  apt  to  suppose  that  there 
should  be  a  very  considerable  reduction  of  temperature,  from 
the  large  quantity  of  caloric  which  the  hydrogen  gas  requires, 
not  recollecting  that  the  v;eight  of  the  hydrogen  evolved  is  very 
inconsiderable,  compared  with  that  of  the  materials  from  which 
it  is  disengaged,  and  that  the  caloric,  the  abstraction  of  which 
reduces  their  temperature  one  degree,  may,  from  this  cause, 
contribute  to  the  elevation  of  this  quantity  of  hydrogen  a  num- 
ber of  degrees. 

It  has  been  shewn,  by  actual  experiment,  that  in  cases  Hke 
this,  where  a  gas  is  evolved  in  consequence  of  the  chemical  ac- 
tion of  substances  on  each  other,  leas  caloric  is  rendered  sensible 
than  where  the  same  action  happens  without  the  disengagement 
of  the  gas.  Thus  Lavoisier,  in  an  early  memoir,  proved,  that  in 
adding  an  acid  to  a  pure  alkaline  solution,  a  considerable  de- 
'i-ree  of  heat  is  produced  from  the  combination  j  while,  in  add- 
ing  the  same  acid  to  the  solution  of  the  alkali  combined  with 
carbonic  acid,  there  is  an  actual  production  of  cold  ;  the  car- 
bonic acid  gas  evolved  absorbing  a  large  quantity  of  caloric, 
which  would  otherwise  have  been  rendered  sensible  f. 

From  these  considerations,  it  must  appear,  that  until  we  have 
more  accurate  methods  of  ascertaining  the  capacities  of  bodies, 

-  Minutes  of  a  Society  for  Philosophical  Experiments,  p.  3f>. 
+  M^m.  de  I'Acad.  des  Sciences,  1777,  p.  431. 
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and  the  changes  of  temperature  to  which  alterations  in  their 
form  or  modi.-  of  existence  give  rise,  we  can  draw  no  strict  con- 
chision  from  facts  such  as  those  that  have  been  stated,  against 
the  principle,  that  caloric  is  contained  in  bodies  in  proportion  to 
their  capacities  ;  nor  any  argument  in  favour  of  the  hypothesis, 
that  it  exists  in  bodies  in  a  combined  state.  We  never  observe, 
as  Dr  Irvine  jujiior  has  well  remarked,  that  caloric  enters  a  bo- 
dy without  raising  its  temperature  proportional  to  the  quantity 
that  is  communicated,  unless  there  be,  at  the  same  time,  a 
change  of  capacity  ;  which  change  we  can  ascertain  by  expe- 
riment.  Yet  why  should  caloric,  if  it  is  capable  of  entering  in- 
to intimate  combination  with  bodies,  not  do  so  at  parts  of  the 
scale  of  temperature  at  which  we  can  make  our  experiments,  as 
well  as  at  parts  of  that  scale  which  arc  removed  from  us,  and 
where  no  direct  experiment  can  be  made  ?  Is  not  this  sufficient 
to  convince  us,  that  the  supposition,  that  such  combinations 
take  place  at  these  low  temperatures,  derives  any  support  only 
from  the  obscurity  in  which  it  is  involved  ?  And  is  it  not  suffi- 
cient also  to  lead  us  to  regard  caloric  as  existing  in  bodies  only 
in  one  state, — that  producing  temperature,  whatever  difficulties 
tliere  may  be  in  estimating,  with  any  accuracy,  the  quantities, 
comparative  or  absolute,  which  they  contain  ? 

The  theory  of  Irvine,  which  regards  caloric  as  thus  existing 
in  bodies  in  one  state,  is  eminently  distinguished  by  its  simpli- 
city, compared  with  the  others.  It  embraces  merely  one  prin- 
ciple, that  caloric  distributed  in  all  bodies,  at  all  temperatures, 
according  to  their  respective  capacities  ;  and  that  every  change 
of  temperature  not  produced  by  the  direct  communication  of 
caloric,  arises  from  a  c'oange  in  the  capacities  of  the  bodies, 
from  the  mutual  action  of  which  the  variation  has  been  produ- 
ced. Thus,  under  one  principle,  estaWished  too  by  experiment 
as  an  ultimate  fact,  ail  the  phenomena  of  temperature  are  ar- 
ranged ;  while  in  the  other  theories,  we  are  embarrassed  with 
the  distinctions  of  latent  and  sensible,  of  free  and  combined  ca- 
loric,— distinctions  as  unnecessary  as  they  are  hypothetical.  Yet 
this  theory,  notwithstanding  its  merit,  has  not  been  generally 
understood,  and  has  certainly  not  received  that  consideration 
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to  which  it  is  entitled.  Thpugh  ably  explained  by  Dr  Craw- 
ford,  and  applied  by  him  with  much  ingenuity  to  the  explana- 
tion of  variations  of  temperature  from  chemical  action,  its  justness, 
and  importance  have  not  been  clearly  perceived.  Even  chemists 
of  the  first  respectability  have  scarcely  been  aware  of  it,  and  have 
employed  a  language,  in  explaining  the  phenomena  of  tempera- 
ture, which  a  knowledge  of  its  principles  would  have  shewn  to  be 
incorrect.  More  attention  has  lately  been  paid  to  the  subject, 
and  the  theory  begins  to  be  regarded  in  a  juster  light.  "  The 
simplicity,"  observes  Mr  Dalton,  "  of  the  doctrine  of  heat 
maintained  by  Drs  Irvine  and  Crawford,  is  to  me  ao  strikingly 
apparent,  when  contrasted  with  the  now  prevailing,  but,  I  think, 
unfounded  distinctions  of  combined  and  uncombined  or  free  ca- 
loric, that  I  should  be  very  unwiUing  to  discard  it,  but  upon 
clear  proof  of  its  being  incompatible  with  the  phenomena 

By  a  very  simple  diagram,  the  principal  facts  relative  to  the 
capacities  of  bodies,  the  changes  they  suffer  in  changes  of  form, 
and  the  determination  from  these  of  the  real  zero,  a  point  so 
intimately  connected  with  the  question  regarding  combined  ca- 
loric, may  be  rendered  very  obvious,  and  the  preceding  reason- 
ing, where  it  has  been  obscure,  illustrated. 

Let  the  line  A  B  represent  the  scale 
of  temperature  from  the  real  zero  A 
to  any  existing  natural  temperature  B,  1^ 
and  let  the  line  B  C  denote  the  capaci- 
ty of  any  body  at  that  temperature,  b 
the  rectangle  C  A  will,  on  the  theory 
maintained  above,  that  the  caloric  con- 
tained in  a  body  is  proportioned  to  its 
capacity  and  temperature,  represent 
the  whole  quantity  of  caloric  which 
that  body  at  that  temperature  contains, 
and  at  any  inferior  temperature  this 
will  be  represented  by  the  rectangle  A 
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•  Nicholson's  Journal,  vol.  v.  p.  36. 
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formed  by  a  line  intersecting  at  riglit  angles  the  lines  A  B, 
E  C.  Let  B  be  the  point  at  which  the  body  becomes  fluid, 
its  capacity  is  then  enlarged,  and  this  enlargement  may  be  re- 
presented by  prolonging  the  line  B  C  to  D.  At  the  same 
time,  from  this  augmentation  of  capacity,  a  quantity  of  caloric 
is  absorbed,  without  producing  any  rise  of  temperature.  This 
quantity  of  caloric,  the  latent  heat  of  the  fluid,  is  represented 
by  the  rectangle  D  E,  the  sensible  caloric  of  the  fluid  at  its 
freezHig  point  by  the  rectangle  C  A,  and  the  whole  quantity 
of  caloric  it  contains  at  that  point  by  the  rectangle  D  A.  In 
raising  its  temperature,  quantities  of  caloric  must  be  commu- 
nicated to  it  of  course  proportioned  to  its  capacity,  and  these 
might  be  represented  by  lines  intersecting  at  right  angles  the 
lines  B  F,  D  G,  this  being  continued  until  it  be  raised  to  the 
point, at  which  it  passes  to  the  state  of  vapour.  Suppose  this 
to  be  at  F,  the  augmentation  of  capacity  which  happens  when 
this  change  takes  place,  will  be  represented  by  prolonging  the 
line  F  G  to  H,  the  quantity  of  caloric  it  absorbs  from  this  aug- 
mentation by  the  rectangle  H  I,  and  the  whole  caloric  which 
the  vapour  contains  at  the  temperature  at  which  it  was  formed, 
by  the  rectangle  H  A.  To  represent  farther  elevations  of 
temperature,  the  lines  AF,  KH  must  be  prolonged,  and  at  any 
point  the  quantity  of  caloric  contained  in  the  vapour  will  be  re- 
presented by  the  rectangle  formed  by  these,  the  line  AK,  and 
a  line  intersecting  at  the  part  representing  that  point  the  pro- 
longed lines  AF,  KH.  By  this  simple  diagram  are  thus  repre- 
sented, the  relation  of  temperature  and  capacity,-  of  latent  and 
sensible  caloric,  the  changes  in  the  distribution  of  caloric  ac- 
companying changes  of  form,  and  the  absolute  quantity  of  ca- 
loric which  any  body  at  any  temperature  will  contain. 

This  representation,  for  the  sake  of  simplicity,  has  been  gi- 
ven, however,  on  the  supposition,  that  the  capacities  of  bodies 
are  permanent,  while  it  is  extremely  probable  that  they  are  not 
so,  but  are  progressive  with  regard  to  temperature,  or  become 
greater  as  the  temperature  rises.  At  the  transition  of  a  body 
to  the  fluid  and  aeriform  states,  the  capacity  is  suddenly  enlar- 
ged ;  but,  besides  this,  there  is  much  reason  to  believe,  that  in 
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all  its  forms  tlie  capacity  is  gradually  enlarged  as  the  tempera- 
lure  is  raised.   We  know  it  to  be  so  in  the  aeriform  state  ;  and 
both  from  analogy,  and  from  the  consideration  of  what  proba- 
bly  is  the  effect  of  expansion  on  capacity,  it  may  be  inferred^ 
as  I  have  already  stated  (p.  371.),  that  it  is  likewise  the  caj 
in  the  liquid  and  solid  states.    On  this  assumption,  and  on  the 
supposition  that  the  absolute  quantity  of  caloric  in  a  body  is 
the  same  as  its  specific  caloric,  its  relation  to  this  form  will  be 
represented  by.  the  following  modification  of  the  preceding  dia- 
gram  *.    The  line  AD  will  represent  the  scale  of  temperature 
from  the  zero  A  ta  a  certain  tem- 
perature above  that  at  which  the 
body  passes  into  vapour,  C  being 
the  point  at  which  it  suffers  this 
change,  and  B  the  point  at  which 
it  becomes  fluid the  progressive 
augmentation  of  capacity  which 
the  solid  suffers  in  the  rise  of  its 
temperature  from  the  zero  to  its 
melting  point,  will  be  represented 
by  the  line  NE,  (AN  represent- 
ing its  capacity  at  zero),  and  the 
quantity  of  caloric  which  it  con- 
tains at  that  point,  being  still  solid, 
by  the  rectangle  B  F.    The  increase  of  capacity  which  hap- 
pens at  its  fusion,  will  be  represented  by  the  Hne  E  G,  and  the 
whole  capacity  by  the  line  B  G  ;  the  quantity  of  caloric  absorb- 
ed, by  the  rectangle  G  F,  and  the  whole  quantity  of  caloric 
the  fluid  contains  at  the  temperature  at  which  it  has  become 
fluid,  by  the  rectangle  G  A.    The  gradual  augmentation  of 
capacity  in  the  J^uicl,  as  its  temperature  is  raised,  will  again  be 


*  In  this  diagram  it  is  assumed,  that  the  augmentations  of  capacity,  as 
the  temperature  rises,  are  regular,  except  where  the  changes  of  form  take 
place,  while  it  is  not  improbable  but  that  they  may  be  irregular.  It  is 
obvious,  that  any  possible  irregularity  of  this  ]dnd  might  be  represented, 
by  adapting  to  it,  whatever  it  might  be,  the  lines  N  E,  G  H,  I  K. 
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represented  by  the  line  G  H ;  and  the  caloric  it  contains  at  the 
temperature  at  which  it  passes  into  vapour,  by  the  rectangle 
H  A.  The  enlargement  of  capacity  attending  that  change  of 
form  is  represented  by  the  hne  HI;  the  whole  capacity  by  the 
line  C  I ;  the  quantity  of  caloric  absorbed,  by  the  rectangl^ 
I  L ;  and  the  quantity  of  caloric  the  vapour  contains  at  the 
temperature  at  which  it  has  assumed  that  form,  by  the  rectanglp 
I  A.  Lastly,  the  increase  of  capacity  it^  the  va/iour  as  its 
temperature  rises,  is  represented  by  the  line  I  K  ;  its  capacity 
at  any  temperature  above  its  vaporific  point  will  be  represented 
by  a  line  drawn  at  right  angles  from  the  point  denoting  that 
temperature,  in  the  line  representing  the  scale  of  temperature, 
until  it  meets  the  line  I  K,  prolonged  if  necessary ;  as,  for  ex- 
ample,  by  the  line  D  K ;  and  the  quantity  of  caloric  it  con- 
tains at  that  temperature  v{ill  be  expressed  by  the  rectangle 
thus  formed,  K  A. 

In  seeking  to  determine  the  question  as  to  the  place  of  the 
zero,  and,  of  course,  the  question  with  regard  to  combined  calo- 
ric, it  has  often  been  supposed,  that  the  assumptipn  of  the  per- 
manence of  capacity  at  all  temperatures,  is  essential  in  the  cal- 
culation. This  error  is  easily  committed.  By  the  experiment, 
it  maybe  said,  by  which  we  discover  the  specific  calorics  or  ca- 
pacities of  bodies,  we  perceive  that  a  given  quantity  of  caloric 
added  to  a  body,  or  abstracted  from  it  at  a  certain  temperature, 
suppose  at  32,  at  50,  or  at  any  of  those  temperatures  at  which 
the  experiment  can  be  made,  elevates  or  depresses  t^he  tempera- 
ture of  that  body  a  certain  number  of  degrees.  By  repeating  ' 
the  experiment  on  another  body,  or  on  the  same  body  in  a  dif- 
ferent form,  we  likewise  discover  that  the  same  quantity  of  ca- 
loric, measured  with  accuracy,  and  communicated  to  it,  or  ab- 
stracted from  it,  produces  a  certain  change  in  its  temperature, 
different  from  that  which  the  other  experienced.  We  thus  dis- 
cover the  relation  subsisting  between  them,  in  the  change  which, 
at  these  temperatures,  they  suffer  from  an  equal  communication 
or  absorption  of  caloric.  But  how  do  we  know,  it  may  be  said, 
that  the  same  relation  will  subsist  between  them  at  all  points 
of  the  therraometrical  scale  ?  It  is  obvious,  that  either  of  them 
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at  a  temperature,  3,  4,  or  500  degrees  below  the  medium  tem- 
perature of  tlie  earth,  may  experience  elevations  or  depression? 
of  temperature  from  the  communication  or  abstraction  of  a 
quantity  of  caloric  very  different  from  what  it  would  suffer  from 
the  same  quantity  being  communicated  to  it,  or  abstracted  from 
it  at  natural  temperatures.  If  in  either  of  them  this  difference 
did  actually  happen,  it  might  be  supposed,  that  from  experi- 
ments as  to  the  effect  bn  their  temperatures  from  quantities  of 
caloric  communicated  or  abstracted  at  natural  temperatures,  we 
can  draw  no  conclusion  whatever  as  to  the  relative  quantities  of 
absolute  caloric  which  they  contain  ;  and  if  such  differences 
happened  to  both,  provided  the  rate  of  variation  was  not  the 
same  in  each,  which  there  is  little  probability  it  should,  any 
such  conclusion,  if  drawn,  might  be  very  remote  from  the  truth. 

This  accordingly  has  often  been  considered  as  a  just  conclu- 
sion. "  If  the  capacities,"  says  Seguin,  '*  are  not  permanent, 
while  bodies  do  not  change  their  state,  the  determination  of 
the  real  zero  will  always  be  inaccurate  And  again,  "  that 
the  capacities  should  be  proportional  to  the  quantities  of  caloric, 
it  is  necessary  that  they  be  permanent  at  all  temperatures,  while 
bodies  do  not  change  their  forms  f .  Professor  Robison  has  fallen 
into  the  same  mistake.  "  Dr  Irvine's  ingenions  method  of  disco- 
vering the  temperature  of  absolute  privation,"  he  observes, "  evi- 
dently presupposes  the  constancy  of  specific  heat ;  or,  if  not  con- 
stant, it  supposes  that  we  know  the  whole  law  of  variation. 
Now  both  of  these  assumptions  are  highly  improbable.  In 
none  of  the  progressions  of  natural  operations  that  we  are  ac; 
quainted  with  do  we  find  this  constancy.  It  is  much  more  a- 
nalogous  to  other  phenomena,  to  suppose  that,  in  the  tempera- 
tures near  to  that  of  absolute  privation,  the  quantities  of  heat 
necessary  for  producing  equal  elevation  gradually  diminish,  and 
this,  perhaps,  without  end,  like  the  distance  of  the  hyperbola 
from  its  assymptote.  It  is  equally  probable  that  the  law  of  di- 
minution may  be  different  in  different  substances.  This  will 
cause  the  measures  of  specific  heats  to  change  their  proportions 
continually ;  and  therefore  the  specific  capacities  observed  in 


*  Annales  Ue  Chimie,  torn.  v.  p.  232,       f  Ibid.  torn,  ili.p.  23K 
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temperatures,  all  of  which  are  far  removed  from  that  of  the  en- 
tire absence  of  heat,  give  us  no  means  of  obtaining  the  propor- 
tions of  the  accumulated  sum  of  all  the  heats  which  has  been 
received  into  the  substances.  It  follows  from  this,  that  even 
although  it  should  be  granted  to  Dr  Irvine,  that  the  heat  which 
emerges,  in  mixing  vitriolic  acid  and  water,  or  in  the  freezmg 
of.  water,  is  the  difference  between  the  absolute  heat  of  the  mix- 
ture, or  the  ice,  and  the  absolute  heats  of  the  substances  before 
mixture,  or  of  the  water  before  freezing,  still  we  cannot  ascer- 
tain those  absolute  heats,  or  the  temperature  of  no  heat 

It  may  be  of  some  importance  to  show,  that  this  view  of  the 
subject  is  incorrect ;  and  that,  in  reality,  in  investigating  these 
questions,  it  is  of  no  importance  whatever  whether  the  capaci- 
ties are  permanent  or  not,  or  whether  we  know  the  rate  of  their 
variations,  if,  as  is  most  probable,  they  do  vary^  for,  be  the  va- 
riations what  they  may,  excluding  the  hypothesis  of  combined 
caloric,  a  body  at  any  temperature  will  always  contain  caloric, 
proportional  to  its  capacity  at  that  temperature.  This  follows 
as  a  direct  inference  from  Dr  Irvine's  experiments;  and  was 
shown,  though  not  very  distinctly,  by  Dr  Crawford "f.  It  has 
Jjeen  since  stated  more  fully  and  clearly  by  Dr  Irvine  junior  J. 

This  will  be  apparent,  when  we  consider,  that  if  a  body 
change  its  capacity,  it  gives  out  or  absorbs,  according  as  the 
change  is  diminution  or  enlargement,  a  quantity  of  caloric  pro- 
portional to  the  extent  of  the  change,  or  to  the  difference  in 
its  capacity  before  and  after  that  happened.  Thus  suppose  the 
capacity  of  a  body  to  be  ascertained  at  32°  of  Fahrenheit,  and 
that,  in  the  reduction  of  its  temperature  100  degrees  below  this, 
its  capacity  remains  unchanged  :  in  falling  each  degree,  it  will 
give  out ^  the  same  quantity  of  caloric.  Suppose  that  its  ca- 
pacity is  diminished  one-tenth,  it  will  now  give  out,  in  falling 
each  degree,  one-tenth  less  caloric  than  ii^  the  preceding  period. 
But  then,  when  the  diminution  of  capacity  happened,  it  would 
give  out  a  quantity  of  caloric  equal  to  this  deficiency  of  onc- 


*  Notes  to  Black's  Lectures,  vol,  i.  p.  507. 
j  Treatise  on  Heat,  p.  10. 56. 451.       \  Essays  on  Hea{,  p.  9f, 
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tenth  all  the  way  down  to  the  zero  ;  and  hence,  when  it  has 
reached  that  point,  it  will  have  given  out,  on  the  whole,  just 
the  same  quantity  of  caloric  it  would  have  given  out,  supposing 
its  capacity  had  remained  unaltered.  The  only  difference  is, 
tTiat  in  that  case  it  would  have  given  it  out  equally,  an  equal 
portion  being  parted  with  at  all  parts  of  the  scale  in  an  equal 
reduction  of  temperature,  while,  in  the  case  we  have  supposed, 
it  gave  it  out  unequally,  or,  at  the  point  where  the  change  of 
capacity  happened,  it  parted  with  a  quantity  at  once  propor- 
tional to  that  change,  and  from /that  downwards  gave  out  por- 
tions in  equal  reductions  of  temperature,  regular  but  smaller 
than  it  would  have  done  if  that  change  had  not  taken  place.  It 
is  obvious  too,  that  supposing  the  capacity  to  change  a  number 
of  times,  or  suppose  it  to  diminish  progressively  with  uniformi- 
ty, the  results  will  still  be  the  game  ;  and  we  may  conclude, 
that,  taking  the  capacity  at  any  temperature,  the  body  will 
contain  caloric  according  to  that  capacity,  from  the  real  zero 
to  the  temperature  at  which  the  capacity  is  estimated. 

This  may  easily  likewise  be  illustrated  by  a  reference  to  the 
first  of  tlie  preceding  diagrams.  Suppose  the  line  A  B  to  re- 
present the  scale  of  temperature  from  the  real  zero  A  to  any 
existing  temperature  B,  and  the  line  B  C*the  capacity  of  any 
body  at  that  temperature,  the  rectangle  C  A,  as  has  been  slated, 
will  represent  the  whole  quantity  of  caloric  which  that  body 
at  that  temperature  contains.  Let  it  be  supposed,  that  at  the 
temperature  or  point  B,  in  the  thermomctiical  scale,  which  may 
be  assumed  to  be  a  low  one,  or  many  degrees  below  any  natu- 
ral temperature,  the  capacity  of  the  body  is  enlarged,  this  en- 
largement will  be  represented  by  prolonging  the  line  B  C  to  D  ; 
and  if  the  temperature  of  the  body  be  now  supposed  to  be  rai- 
sed to  the  point  F,  in  the  thermometrical  scale,  the  rectangle 
FD  will  represent  the  quantity  of  caloric  which  it  has  received 
between  that  point  and  the  point  B,  where  its  capacity  was  en- 
larged. But  it  is  to  be  remarked,  that  when  the  change  of  ca- 
pacity has  taken  place  at  B,  the  body  not  only  requires  more 
caloric  to  raise  its  temperature  from  that  point  than  it  did  be- 
fore, bqt,  at  the  moment  of  enlargement,  it  must  have  absorbed 
as  much  caloric  as  will  keep  up  its  temperature,  according  to 
its  enlarged  capacity,  from  the  real  zero  to  the  point  at  which 
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the  change  happened  :  and  therefore  the  whole  quantity  of  ca- 
loric it  contains,  at  the  temperature  F,  is  now  represented,  not 
as  those  would  suppose  who  conceive  the  permanence  of  capacity 
to  be  a  necessary  assumption  in  estimating  the  absolute  quantity, 
by  the  united  rectangles,  F  D,  and  C  A,  but  by  the  rectangle 
F,I.  Lastly,  suppose  that  at  the  point  F,  its  capacity  suffers 
another  enlargement,  so  as  now  to  be  represented  by  the  line 
F  H,  it  will  not  only  require  more  caloric  to  raise  its  tempera- 
ture henceforward,  but  it  will  absorb,  at  the  moment  of  change, 
as  much  caloric  as  i^  requisite  to  keep  up  its  temperature  ac- 
cording to  that  capacity  from  zero.  Let  the  line  A  F  be  far- 
ther prolonged,  and  be  connected  by  a  straight  line  with  the 
line  K  H,  likewise  prolonged,  so  as  to  form  the  rectangle  which 
is  the  figure  of  the  diagram,  this  rectangle  will  represent  the 
quantity  of  caloric  which  the  body  contains  at  the  higher  part 
of  the  scale  of  temperature,  represented  by  the  prolonged  line. 
Now,  if  from  knowing  the  capacity  at  that  part  of  the  scale  of 
temperature,  we  seek  to  determine  at  what  distance  from  it  the 
real  zero  will  be  found,  it  is  of  no  consequence,  that,  at  the 
points  F  and  B  in  the  thermometrical  scale,  the  capacities  be- 
come less,  because  at  the  moment  of  such  an  alteration  a  quan- 
tity of  caloric  will  be  given  out,  which,  added  to  what  remains, 
will  be  equal  to  what  would  have  been  contained,  though  the 
capacity  had  remained  unchanged. 

It  is  also  sufficiently  obvious,  that  it  is  quite  unimportant 
whether  the  changes  of  capacity  be  more  numerous  than  those 
represented  in  the  diagram  ;  for  at  each  change  the  same  thing 
will  happen  which  has  been  already  described,  or  whether  they 
be  changes  of  enlargement  or  diminution,  or,  lastly,  whether  they 
liappen  by  starts,  as  represented,  or  proceed  gradually  from  the 
zero.  The  permanence  of  capacity  is  therefore  not  essential  in 
the  general  proposition  with  regard  to  the  distribution  of  caloric 
in  bodies ;  but  at  whatever  temperature  we  found  our  calcula- 
tion, the  body  tvill  contain  a  quantily  of  caloric  projiorlional  to  its 
temperature,  and  its  capacity,  proceeding  always  on  the  supposi- 
tion, that  no  caloric  exists  in  the  body  chemically  combined,  or 
different  from  that  which  produces  temperature. 
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I  have  frequently  found,  that  those  not  familiar  with  this  buhj 
ject  have  experienced  some  difficulty  in  conceiving  how,  since 
the  capacities  of  bodies  are  different,  and  of  course  the  absolute 
quantities  of  caloric  they  contain  also  different,  the  real  zero 
should  in  all  of  them  be  the  same,  or  at  the  same  distance  from 
any  given  temperature.  The  difficulty  arises  from  it  not  being 
clearly  understood,  that  the  number  of  degrees  in  the  thermometri- 
cal  scale  are  the  same  in  all,  and  that  the  differences  in  the  quan- 
tities of  caloric  they  contain  arise  from  different  quantities  being 
requisite  to  raise  each  of  them  a  degree.  Hence,  at  a  given 
temperature,  they  are  all  at  the  same  distance  numbered  by  ther- 
mometrical  degrees  from  zero  ;  but  in  that  number  of  degrees 
they  all  contain  different  quantities  of  caloric,  or,  were  they  to 
be  reduced  to  the  zero,  they  would  in  the  progress  of  that  re- 
duction give  out  unequal  quantities.  In  other  words,  if  the 
zero  be  supposed  to  be  at  1400  below  the  freezing  point  of  wa- 
ter, this  is  to  be  measured,  not  by  the  degrees  of  any  body  as 
a  standard,  but  it  is  understood  that  each  body  at  that  tempe- 
rature will  contain  such  a  quantity  of  caloric  as  raises  its  owa 
temperature  1400  degrees ;  though  some  requiring  more,  others 
less,  to  produce  a  given  augmentation  of  temperature,  they  will 
contain  very  unequal  quantities  for  the  production  of  that  effect. 
This  is  easily  shewn  by  a  reference  to  the  first  diagram.  Let 
the  line  A  B  represent  the  thermometrical  scale  between  any 
temperature,  say  32°  of  Fahrenheit  and  zero,  and  let  B  C  de- 
note the  capacity  of  any  body,  suppose  of  alkohol,  the  rec- 
tangle C  A  will  represent  the  quantity  of  caloric  the  alkohol  con- 
tains. Again,  let  A  B  in  the  same  figure  represent,  as  before, 
the  scale  of  temperature,  and  B  D  the  capacity  of  another  bo- 
dy, say  water,  the  rectangle  D  A  will  again  denote  the  quan- 
tity of  caloric  it  contains.  It  is  obvious,  that  this  is  larger 
than  in  the  preceding,  though  the  distance  between  the  assum- 
ed temperature  and  the  zero  is  the  same.  Hence,  as  mention- 
ed in  a  note  at  the  bottom  of  page  417,  in  estimating  the  ab- 
solute quantity  of  Caloric  in  a  body  measured  by  thermometri- 
cal degrees,  in  other  words,  tlie  zero  or  distance  from  the  point 
of  privntion,  these  degrees  must  always  be  measured  by  the  ca- 
pacity of  the  individual  body  to  which  they  refer. 
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Note  C. 

The  opinion  that  heat  and  light  are  essentially  the  same,  Or 
are  only  modifications  of  the  same  substance,  has  long  been 
maintained ;  and  has  arisen  obviously  from  the  observation  of 
the  intimate  connection  subsisting  between  these  powers.  Light 
is  a  common  source  of  heat :  it  produces  it  when  in  a  state  of 
intensity  :  they  are  frequently  disengaged  together,  and,  when 
bodies  are  highly  heated,  they  become  luminous.  Light,  there- 
fore, in  raising  the  temperature  of  bodies,  was  supposed  to  be 
converted  into  heat ;  and  when  heated  bodies  became  luminous, 
the  caloric  was  supposed  to  be  put  into  a  rapid  projectile  mo- 
tion, in  which  state  it.  constitutes  light.  This  theory  can 
scarcely  be  assigned  to  any  individual  philosopher  as  its  author, 
it  has  been  so  long  and  so  generally  maintained.  Among  the 
modern  French  chemists,  it  was  embraced  and  defended  by 
Monge.  The  same  opinion  has  been  adopted  by  BerthoUel;  in 
his  last  pubhcation.  Among  the  British  Chemists,  it  was  sta- 
ted with  some  peculiar  illustrations  by  Dr  Higgins,  and  has 
been  adopted  by  many  others. 

The  opposite  opinion,  however,  that  light  and  caloric  are  dif- 
ferent kinds  of  matter,  has  hkewise  bcon  maintained.  It  rests 
on  the  principle,  that  their  properties  are  different.  Both  in- 
deed are  capable  of  assuming  projectile  motion,  but  this  is  not 
considered  suificient  to  establish  their  identity,  while  their  ef- 
fects on  matter  are  so  dissimilar.  Caloric  is  diffused  over  mat- 
ter slowly  and  equally,  and  penetrates  every  body.  It  is  the 
cause  of  expansion,  fluidity,  and  vaporisation.  It  produces  the 
sensation  of  heat,  but  is  incapable  of  exciting  illumination. 
Light  is  possessed  of  very  different  powers :  instead  of  raising 
the  temperature  of  bodies,  it  produces  in  them  chemical  changes, 
which  do  not  arise  from  the  operation  of  caloric.  If  liquid  oxy- 

X  X  4^ 


696' 


rtiuriatic  acid  be  exposed  to  heat,  the  acid  gas  is  expelled  from 
the  wator  witliout  decomposition.  If  exposed  to  light,  it  is  de. 
composed  ;  its  oxygen  is  separated,  and  muriatic  acid  remains. 
Nitrous  acid  is  converted  into  nitric,  by  raising  its  temperature 
moderately.  If  nitric  acid  be  exposed  to  light,  it  is  converted 
into  nitrous.  Such  essential  differences  in  properties,  and  es- 
pecially  in  chemical  powers,  have  been  supposed  sufficient  to 
authorise  the  conclusion,  that  they  are  different  kinds  of  matter. 

Under  the  obscurity  which  at  present  prevails  with  regard 
to  the  nature  and  mutual  relations  of  these  principles,  neither 
of  these  opinions  perhaps  can  be  decidedly  established.  With- 
out  engaging,  therefore,  in  the  minute  discussion  of  the  ques- 
tion, 1  shall  only  state  a  few  observations  with  regard  to  it. 

If  the  hypothesis,  that  hght  and  caloric  are  essentially  the 
same,  and  differ  only  in  their  state  with  regard  to  motion,  were 
true,  it  follows  from  the  terms  of  it,  that  in  every  thing  except 
what  relates  to  this  they  should  be  identical.  It  farther  fol- 
lows, therefore,  that  caloric  must  be  capable  of  producing  the 
same  chemical  changes  tn  bodies  as  light ;  and  that  light  must, 
when  absorbed  by  bodies,  produce  heat. 

1st,  Caloric  must,  if  the  hypothesis  be  true,  be  capable  of 
producing  the  same  chemical  changes  in  bodies  as  light.  This 
is  so  obvious  as  scarcely  to  require  illustration.  The  chemical 
effects  of  light  cannot  be  supposed  to  depend  on  its  mechanical 
motion  :  they  must  arise  from  the  affinities  it  exerts.  In  ex- 
erting such  affinities,  or  rather  in  producing  the  phenomena 
which  arise  from  them,  it  enters  into  combination,  therefore 
loses  its  projectile  motion,  and  becomes  quiescent.  Quiescent 
light,  according  to  the  hypothesis,  is  nothing  but  caloric;  hence 
the  introduction  of  caloric  into  a  body  should  produce  the  same 
chemical  changes  as  light.  W  hy,  therefore,  does  light  decom- 
pose nitrous,  or  oxymuriatic  acid,  and  caloric  not  ?  On  the  hy- 
pothesis of  their  identity,  it  ought  to  do  so ;  while,  if  they  are 
different  kinds  of  matter,  they  may  be  expected  to  be  dissimi- 
lar in  their  effects. 

It  is  necessary,  however,  to  take  notice,  under  this  argument, 
of  an  explanation  given  by  Rumford  of  the  difference  in  the 
chemical  effects  of  light  and  caloric,  in  conformity  with  the  sup- 
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position  of  their  Identity  *.  He  observes,  that  many  of  the 
changes  which  light  produces  are  produced  by  caloric,  wheli 
the  temperature  is  raised  very  high.  If  the  metallic  oxides  be 
taised  to  a  red  heat,  they  suffer  a  partial,  or  even  a  complete 
reduction  ;  and  could  we  repress  the  volatility  of  oxymuriatic 
or  nitric  acid,  it  is  not  improbable  that  at  high  tempera- 
ture either  might  be  xJecomposed.  We  know  indeed  that  m- 
trie  acid  vapour,  by  being  transmitted  tlifough  a  fcd-hot  tube, 
suffers  complete  decomposition  ;  and  that  both  acids,  wheh 
combined  with  a  base  by  which  their  volatility  is  repressed,  have 
their  elements  separated  by  such  a  high  temperature.  Now 
Rumford  observes,  that  when  rays  of  light  strike  on  &  solid 
body,  or  on  a  quantity  of  fluid,  the  thermometer  affords  us  no 
information  as  to  the  heat  which  is  exerted  at  the  pdints  on 
which  the  rays  impinge.  It  gives  us  merely  the  temperaturfe 
of  the  mass.  But  it  is  probable,  that  the  points  on  which  they 
strike  may  be  momentarily  heated  to  an  intense  degree,  more 
than  sufficient  to  occasion  decomposition,  independent  of  any 
chemical  agency  of  light  ;  and  in  this  way  the  particles  of  the 
substance  may  be  successively  decomposed.  This  explanation, 
Bei  thollet,  in  maintaining  thp  identity  of  light  and  caloric,  ap- 
pears to  consider  as  satisfactory,  (Chemical  Statics,  v.  i.  p. 

The  hypothesis,  though  ingenious,  cannot  be  admitted.  Wfe 
have  no  proof  that  these  decompositions  can  in  any  case  be  ef- 
fected without  the  agency  of  light ;  for  where  they  are  occa- 
sioned by  elevation  of  temperature,  this  must  always  be  i-aised 
to  ignition,  when  of  course  light  is  introduced.  But,  inde- 
pendent of  this,  it  is  refuted  by  the  fact,  that  the  rays  of  light, 
which  are  most  powerful  in  producing  heat,  the  red,  for  exam- 
ple, are  the  least  powerful  in  occasioning  these  chemical  changes, 
while  the  rays  which  produce  them  with  most  rapidity,  as  the 
blue  and  violet,  are  those  which  have  least  heating  power.  It 
is  obvious,  that  this  is  incompatible  with  the  supposition,  that 
the  chemical  changes  which  light  produces  are  owing,  not  to  the 
affinities  it  exerts,  but  the  heat  it  excites.  Were  it  true,  these 
chemical  changes  ought  to  be  produced  in  greatest  intensity  by 
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the  red  ray,  since  it  has  the  greatest  heating  power,  and  even 
by  the  invisible  calorific  rays  which  do  not  produce  them  in 
any  sensible  degree  ;  and,  on  the  other  hand,  the  violet  ray, 
which  has  least  heating  power,  and  the  invisible  rays  beyond  it 
which  have  none,  should  be  incapable  of  producing  these  effects, 
which  however  they  actually  do,  with  greater  rapidity  than  the 
others.  We  must  admit,  therefore,  that  the  chemical  changes 
produced  by  light,  cannot  be  owing  to  the  heat  it  excites,  but 
must  be  ascribed  to  the  affinities  it  exerts. 

2dly,  If  light  and  caloric  be  the  same,  differing  only  in  their 
fitate  with  regard  to  motion,  light  must,  when  absorbed  by  bo- 
dies, produce  heat.  Here  the  fact  appears  at  first  view  to  be 
consistent  with  the  theory,  nothing  being  more  famiUar  than  the 
heating  of  bodies  by  the  solar  rays ;  and  it  is  this  coincidence 
which  has  always  been  the  strongest  support  of  the  opinion. 
The  discoveries  of  Herschel,  however,  have  not  only  thrown 
doubt  on  this  supposed  fact,  but  have  actually  proved  it  to  be 
false ;  since  they  have  shewn,  that  the  heating  power  of  the 
solar  rays  is  owing  to  the  presence  of  rays  of  caloric,  or  rays 
xiot  having  the  properties  of  light ;  and  that  apart  from  these, 
the  visible  rays  have  no  heating  power.  From  this,  therefore, 
the  hypothesis  derives  no  support,  but,  on  the  contrary,  is  sub- 
verted  ;  for  it  is  established  that  pure  light,  absorbed  by  bo- 
dies, is  not  converted  into  caloric,  since  it  exerts  no  heating 
power.  On  this  point,  it  is  unnecessary  to  recapitulate  the 
facts  fully  stated  in  the  text  (p.  506.) 

The  phenpmena  of  phosphorescence  are  likewise  unfavourable 
to  the  hypothesis  of  the  identity  of  light  and  caloric.  It  is  as- 
sumed, that  light,  when  quiescent,  becomes  heat.  By  exposing 
a  phosphorescent  body  to  light,  a  portion  appears  to  be  ab- 
sorbed, is  retained  by  the  body^  and  becomes  quiescent ;  it  is 
not,  however,  as  the  hypothesis  implies,  converted  into  caloric, 
but  remains  in  it  as  hght,  and  is  gradually  emitted  as  such. 
Were  light,  however,  merely  caloric,  in  a  state  of  projectile  mo- 
tion, the  hght  must  have  been  converted  into  caloric,  and  could 
not  be  emanated  in  this  form.  If  it  be  said  the  emanation  a- 
rises  merely  from  a  property  of  the  body  itself,  in  consequence 
ef  which  it  puts  into  the  state  of  projectile  motion  this  matter 
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of  heat  and  light,  it  is  obvious,  in  this  case,  that  its  shining 
I  should  be  independent  of  previous  exposure  to  Hght.  The 
facts,  that  it  requires  that  exposure  ;  that  after  it,  it  will  con- 
tinue to  shine,  but  only  for  a  hmited  time  ;  that  the  light  emit- 
ted gradually  diminishes,  and  at  length  ceases; — these  prove,  that 
light  has  been  imbibed ;  that  it  has  been  retained  for  a  length 
of  time  in  the  body,  and  is  then  emitted  ;  facts  which  prove, 
that  light,  by  quiescence,  is  not  converted  into  caloric. 

It  thus  appears,  that  the  phenomena  of  heat  and  light  are  all 
unfavourable  to  the  hypothesis  of  the  identity  of  these  powers. 
On  the  principle  that  they  are  different,  they  admit  of  a  satis- 
factory explanation.  The  greater  number  of  them  indeed  shew 
dissimilarity  of  action,  and  are  therefore  not  only  explained  on 
.that  principle,  but  are  proofs  of  its  truth.  It  is  oiily  necessary  to 
give  an  explanation  of  those  which  appear  to  prove  similarity  of 
action,  and  which  were  regarded  as  proofs  of  their  identity. 
'  With  regard  to  the  production  of  heat  by  the  action  of  light, 
-there  is  no  difficulty.  In  every  case  in  which  it  happens,  we 
can  discover  the  presence  of  invisible  calorific  rays,  and  it  is  to 
their  action  that  the  production  of  heat  is  to  be  ascribed.  From 
the  laws,  too,  which  we  know  radiant  caloric  to  observe,  the 
phenomena  attending  the  production  of  heat  by  the  sun's  beams, 
such  as  that  it  is  greatest  in  black  bodies,  least;-in  those  of  a 
white  colour,  greater  in  those  which  are  rough  and  spongy  than 
in  those  the  surface  of  which  is  smooth,  are  equally  well  ex- 
plained ;  for  precisely  the  same  differences  are  to  be  observed 
in  the  heating  of  bodies  by  radiant  caloric  alone.  There  is 
therefore  no  reason  from  these  phenomena  to  admit  the  hypo- 
thesis of  the  convertibility  of  light  into  cajoric. 

The  pliCTiomena  of  ignition,  in  which,  when  the  temperature 
of  a  body  is  raised  to  a  certain  point  it  becomes  luminous,  have 
been  supposed  to  prove  the  conversion  of  caloric  into  light, 
since  heat  only  is  communicated,  yet  light  is  emitted.  This 
light,  however,  may  be  merely  that  contained  in  the  body,  ex- 
pelled  by  the  repulsive  agency  of  caloric.  What  is  unfavour- 
able  to  this  supposition  is,  that  a  body  can  be  kept  in  a  state 
of  ignition  by  preserving  its  temperature  sufficiently  high  for 
any  length  of  time.    Were  the  light  it  emits  that  which  it 
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previously  contained,  it  must  necessarily  be  in  limited  quantity, ' 
and  therefore  did  the  illumination  depend  on  it,  it  must  become 
fainter,  and  at  lengtli  cease.  Yet  when  we  consider  the  ex. 
treme  subtilty  of  light,  perhaps  this  objection  has  no  force. 
We  perdeive  that  the  very  minute  quantity  of  light  which  can 
be  absorbed  by  a  phosphorescent  body,  in  exposure  for  a  mi- 
nute  to  the  solar  rays,  is  sufficient  to  render  it  luminous  for 
many  days.  If,  therefore,  the  high  temperature  weaken  the  af- 
finity  of  light  to  bodies,  it  is  not  difficult  to  conceive  that  from 
this  subtilty  of  light,  they  may  continue  luminous  for  nearly  an 
indefinite  time,  while  that  temperature  is  kept  up. 

It  is  also  to  be  remarked,  however,  that  the  liglit  in  ignition 
may  be  derived  from  the  same  source  as  the  caloric  is  supplied 
from.  If  we  put  an  incombustible  body  among  burning  fuel, 
it  soon  becomes  incandescent ;  in  this  state  its  temperature  is 
raised  to  an  equality  with  that  of  the  burning  matter  ;  and  it 
projects  copiously  rays  of  radiant  caloric.  Whence  is  this  ca- 
loric derived  ?  It  is  obviously  a  portion  of  that  which  is  ren- 
dered sensible  by  the  combustion  of  the  fuel,  with  which  the 
incandescent  body  is  penetrated,  and  which  it  emits.  It  is  also 
projecting  rays  of  light :  Whence  is  this  light  derived  ?  The 
same  source  is  obviously  to  be  assigned.  It  is  a  portion  of  that 
light  which,  as  well  as  caloric,  is  evolved  by  the  combustion  of 
the  fuel,  and  which,  hke  that  caloric,  penetrates  the  incandes- 
cent body,  and  is  projected  from  its  surface.  In  every  case  of 
ignition,  excited  by  communication,  it  will  be  found,  that  the 
light  emitted  by  the  incandescent  body  may  be  derived  from 
the  matter,  by  communication  with  which  that  state  is  pro-  ' 
duced,  and  is  ultimately,  as  well  ag  the  caloric,  evolved  from 
chemical  combination.  It  can  be  retained  in  that  matter  for 
some  time ;  but  if  withdrawn  from  the  source  of  supply,  the 
emission,  both  of  light  and  caloric,  becomes  less,  and  that  of 
light  very  soon  entirely  ceases. 

I  must  observe,  however,  that  there  is  one  experiment  which 
appears  unfavourable  to  this  explanation,  and  which  has  been 
regarded  as  subversive  of  any  explanation  of  this  kind.  It  is 
the  experiment  of  Mr  Wedgwood  already  described,  (p.  24-3.), 
in  which  air  was  found  not  to  be  luminous,  even  when  its  tern- 
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perature  was  equal  or  superior  to  ignition,  though  in  this  state 
it  could  render  a  solid  body  to  which  it  was  applied  luminous. 
Here  apparently  a  body  is  brought  to  the  state  of  ignition, 
merely  by  the  contact  of  heated  matter,  without  light  being 
conveyed  to  it.  It  is  sufficiently  probable,  that  by  this  arrange- 
I  ment  the  state  of  ignition  might  be  indefinitely  kept  up ;  and 
therefore  the  light  evolved  cannot  be  supposed  to  be  merely  that 
which  the  body  contains,  disengaged  by  the  high  temperature. 
How  then  is  the  experiment  to  be  explained  otherwise  than  by 
supposing  caloric  to  be  convertible  into  light  ?  Caloric  alone 
appears  to  be  supplied  by  the  air ;  yet  light  is  given  out  by  the 
body  suspended  in  it.  It  is  accordingly  stated  by  Berthollet, 
as  proving  the  identity  of  light  and  caloric  *. 

I  believe  no  explanation  has  been  given  of  this  interesting 
fact ;  yet  it  appears  to  me  to.  admit  of  one  which  is  satisfac- 
tory, on  the  theory  tluit  light  and  caloric  are  different,  and  not 
convertible.  The  force  of  the  argument  depends  on  the  sup- 
position, that  light  could  not  be  conveyed  by  the  air,  without 
that  air  being  luminous ;  a  supposition,  I  conceive,  to  be  false. 
Illumination  is  excited  only  when  a  certain  number  of  rays  come 
from  a  body  to  the  eye  ;  and  if  the  number  be  diminished,  though 
many  rays  may  still  be  emitted,  the  illumination  is  not  perceived. 
We  have  sufficient  proof  of  this  in  phosphorescent  bodies. 
They  are  luminous  for  some  time  after  exposure  to  the  sun, 
but  they  gradually  become  dark  ;  yet  when  they  fail  in  excit- 
ing the  sensation  of  illumination,  they  are  emitting  rays  of  light, 
as  we  can  prove  by  rendering  the  organ  of  vision  more  sensible 
by  preparation.  If  a  person  remain  in  the  dark  for  some  time, 
he  will  be  able  to  perceive  illumination  in  many  of  those  bodies, 
in  which  otherwise  it  could  not  be  discovered,  as  Beccaria  and 
Wilson  have  amply  shewn.  We  find  the  same  to  hold  true 
with  regard  to  ignition  itself.  An  ignited  body  will  be  disco- 
vered by  shining  in  the  dark,  while  in  day-light  it  is  perfectly 
obscure.  To  what  is  this  owing,  but  that  the  rays  it  emits  are 
too  few  to  excite  the  sense  of  illumination,  when  the  eye  is  sti- 
mulated by  rays  of  light  from  every  object  around  it  ? 
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I  can  easily  conceive,  then,  that  every  particle  of  an  aeriform 
fluid  may  be  in  a  state  of  ignition  ;  yet  it  shall  not,  from  iti 
minuteness,  he  visible  ;  and  the  mass  shall  not  appear  luminous, 
merely  from  its  tenuity,  or  the  small  number  of  minute  parti- 
cles  that  come  within  the  sphere  of  vision.  To  excite  that 
sensation,  it  is  clear,  that  a  certain  number  of  rays  from  a  given 
point  are  necessary.  If  a  cubic  inch  of  air  contain  a  number 
of  sohd,  but  very  minute  particles,  not  equal  to  the  lOOOdth 
part  of  what  are  contained  in  a  cubic  inch  of  a  solid  or  liquid, 
the  latter  may  excite  illumii^ation,  while  the  other  will  not, 
though  the  individual  particles  of  each  are  emitting  rays  of  light 
of  the  same  intensity.  But  if  a  current  of  air  in  this  state  be 
directed  on  a  solid  body,  the  common  law  of  ignition  will  be 
observed  ;  the  ignited  particles  applied  to  the  solid  will  render 
it  incandescent,  and  preserve  it  so  while  the  current  is  kept  up, 
and  that  solid,  from  its  density,  will  appear  luminous. 

In  reaUty,  what  renders  an  aeriform  fluid  invisible  ?  If  it  con- 
sist of  solid  particles,  placed  at  certain  distances,  these  particles 
must  reflect  the  rays  of  light  which  fall  on  them  ;  and  we  know 
that  solar  light,  in  passing  through  the  atmosphere,  suffers  con- 
siderable diminution.  This  reflected  light  must  reach  the  eye ; 
but  there  not  being  a  sufficient  number  of  rays  from  a  given 
point  to  excite  vision,  the  particles  are  not  perceived.  And  such 
may  be  their  minuteness  and  distance,  that  they  may  even  re- 
flect or  emit  much  more  light  without  being  perceptible,  or 
without  illumination. 

From  these  facts,  no  doubt,  I  conceive,  can  be  entertained, 
that  in  the  experiment  of  Wedg«'Ood  light  might,  and  even 
must  have  been  conveyed  by  the  air  to  the  solid  body,  though 
that  air  was  not  itself  luminous. 

The  production  of  ignition  by  friction  or  percussion,  is  an  ex- 
ample in  which  there  is  not  the  same  supply  of  light  from  an 
external  source  ;  but  the  difficulty  as  it  relates  to  this  is  the  same 
with  regard  to  caloric  as  to  light :  we  can  no  more  conceive  the 
unhmited  emission  of  the  one  than  of  the  other,  and  the  light 
evolved  is  probably  the  light  contained  in  the  body,  and  separat- 
ed by  the  high  temperature  which  the  friction  or  percussion  ex- 
cites. 
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From  the  fact  that  light  and  caloric  are  often  evolved  togc 
ther,  it  has  been  conceived  that  an  intimate  connection  subsists 
between  them  ;  the  caloric,  when,  from  the  rapidity  of  chemical 
action,  it  is  evolved  rapidly,  partly  assuming  the  form  of  light, 
while  when  evolved  more  slowly  it  appears  as  heat ;  the  degree 
of  light,  it  is  said,  being,  "  calerh  fiaribus,  proportionate  to  the 
velocity  with  which  the  caloric  is  emitted,"  and  there  being  no 
illumination  "  from  bodies  which,  during  their  combination,  c- 
niit  the  caloric  either  slowly,  or  irf  circumstances  in  which  ma- 
nifest impediments  prevent  the  projection  of  it  with  the  velocity 
necessary  to  the  constitution  of  light 

It  is  no  doubt  true,  that  where  ligiit  and  caloric  are  evolved 
from  a  combination,  the  more  rapidly  it  .is  performed,  the  quan- 
tities will  appear  greater,  because  more  are  extricated  in  a  given 
time  ;  but  that  the  rapidity  of  combination  does  not  determine 
the  evolution  of  light,  or  cause  caloric  to  appear  under  that 
form,  is  obvious  from  many  cases  of  chemical  action.  What 
combination  is  more  rapid,  and  attended  with  greater  condensa- 
tion, than  that  of  nitrous  gas  and  oxygen  gas,  or  muriatic  acid 
gas  and  ammonia,  and  yet  no  light  is  evolved,  though  'there  is 
no  obstacle  from  the  density  of  the  product,  or  any  other  cause, 
to  prcveirt  the  caloric  from  assuming,  if  it  were  capable  of  it, 
the  projectile  state,  which  is  supposed  to  constitute  light  ?  Or, 
on  the  other  hand,  what  combination  proceeds  more  slowly 
than  the  spontaneous  combustion  of  phosphorus  in  atmospheric 
air,  where  the  quantity  of  light  emitted,  if  we  consider  the  time, 
must  be  considerable  ? 

Some  facts  have  also  been  stated  to  shew,  that,  according  to 
the  density  of  the  medium,  a  combination  may  evolve  either  ca- 
loric alone,  or  caloric  and  light.  Dr  Higgins  gave  the  exam- 
ple of  the  oxygenation  of  pyrophorus,  or  of  phosphorus  in  ni- 
tric acid,  where  heat  only  is  produced  ;  while,  in  its  oxygena- 
tion in  the  vapour  above,  which  must  consist  partly  of  nitrous 
acid  vapour,  and  partly  of  nitrous  gas,  the  oxygenation  is  at- 
tended with  light.  Whatever  may  be  the  cause  of  this  differ- 
cnce,  (and  it  is  to  be  remarked  that  the  agent  oxidating  the 
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phosphorus  is  iu  these  experiments  not  the  same,  and  tlie  pro- 
ducts  of  its  decomposition  are  different,)  the  cause  assigned  can- 
tiot  be  admitted  ;  for  wc  know  that  in  many  cases  of  chemical 
action  not  more  rapid  than  this  is,  a  dense  medium  is  no  obsta- 
cle tQ  the  eniission  of  light,  as  in  the  burning  of  phosphorus 
under  water  by  the  medium  of  oxymuriate  of  potassa  and  an 
acid,  and  still  more  is  this  conspicuous  in  phosphoresent  bodies, 
the  feeble  light  of  which  is  not  restrained  by  immersion  in  a  fluid. 

On  the  hypothesis,  that  liglit  and  caloric  are  different  prin- 
ciples,  the  evolution  of  the  one,  in  cases  of  chemical  action,  has 
no  necessary  connection  with  that  of  the  other.    We  have  ac- 
cordingly, frona  chemical  union,  heat  without  light,  heat  with 
small  quantities  of  hght,  and  light  with  comparatively  inconsi- 
derable evolutions  of  caloric,  and  these  in  all  varieties  of  rapidi- 
ty of  connbination,  and  accompanying  condensation.  Where 
the  quantity  of  caloric  evolved  is  considerable,  there  is  general- 
ly an  extrication  of  light,  apparently  owing  to  the  cause  which 
the  phenomena  of  phosphorescence  fuUy  establish,  that  a  high 
temperature  weakens  the  affinities  of  bodies  to  light.    The  oc- 
casional disengagement,  therefore,  of  light  with  caloric  in  che- 
mical action,  and  its  constant  disengagement  when  the  tempera- 
ture is  raised  very  high,  afford  no  proof  of  the  identity  of  chese 
principles,  since  they  are  equally  explained  on  the  opposite  hy- 
pothesis ;  and  even  on  the  supposition  of  their  identity,  no  cause 
can  be  assigned,  why  the  caloric  should  at  one  time  be  evolved 
in  part  under  the  form  of  light,  at  another  time  not,  and  why 
no  proportion,  regulated  by  the  circumstances  of  the  combina- 
tion, can  be  discovered  in  the  quantities  evolved  under  each  form. 

There  appear,  on  the  general  view  of  this  question,  no  suffi- 
cient grounds  for  considering  light  and  caloric  as  forms  of  the 
same  matter.  Gn  the  contrary,  though  there  is  some  obscuri- 
ty \vith  regard  to  the  relations  between  these  agents,  as  there 
is  in  every  thing  regarding  their  nature,  we  may,  in  the  present 
State  of  our  knowledge,  consider  them  as  essentially  distinct. 
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